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ABSTRACT
\ JSEP research has yielded two new laser microprobes for use in electronics
fabrication. The development of such probes is increasingly important because of the need
for precision in situ monitoring in advanced electronics fabrication. In the first,
photoelectric emission induced by a focused UV laser beanr(A=257 nm)*has been used for
the first time to make a scanning photoemission microscope for probing semiconductor
surfaces. With this instrument it was possible to map regions of different doping levels on
a silicon surface. The spatial resolution was found to be limited only by the laser beam
spot size. In addition, Raman microprobe spectroscopy has been used to profile locally
doped regions in GaAs with micrometer-level resolution. This is an important jn-situ
diagnostic technique for compound semiconductors.
Two new experimental systems have been es
studies of layer and bulk compound semiconductog/surfaces and bulk crystals. In the first,
a unique high-resolution laser two-photon phote-electron system has been built and tested.
This system will be used to study Fermi-level band-structure of interfaces, insulator band
structure, and electron dynamics./lﬂ/the second, the photoluminescence from ZnSe
epilayers on GaAs, bulk crystalline ZnSe, and ZnSe/ZnMnxSe}.x superlattices had been
studied when these maten;lswem subjected to hydrostatic pressure in a diamond anvil cell.
These measurem_ept(]ﬁve provided an improved value for the hydrostatic deformatic
potential for ZnSe. This study will aid the development of optical and electronic devices
wide-band-gap II-VI semiconductors.
L') We have investigated ways of making improved sources of silent light (also known
as photon-number-squeezed light or sub-Poisson light), and determined how such light
behaves when it impinges on simple optical elements such as diclectric beamsplitters. In
addition, we have used the novel ultrafast optical technique of time-delayed-four-wave-
mixing (TDFWM) to measure optical dephasing phenomena in semiconductor doped
glasses. Dephasing times as short as 18 fsec were observed at room temperature with no
evidence of modulated structure. IC@‘/(}W‘D da L\‘é;d i phetows ) Poisanyy damg .
In device physics, a simple theoretical model has been developed which explains =
the bimetal Schottky-barrier behavior observed in our UHV experiments over the last two
years. Within this model, the functional dependence of tl. : barrier height on the inner metal
thickness is interpreted in terms of the metal effective screening and the interface trap states.
The results indicate that the potential drop inside the metal electrode of a Schottky contact is
not negligible, in contrast to the common assumption.
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(ABSTRACT CONTINUED)

A simple method for producing hot electrons and studying their collisions with
molecules in the gas phase has been developed. A key and novel feature of the experiments
is the resolution, 0.0003cm"! or approximately 4 x 10-8 eV! This compares with standard
electron scattering experiments which have a typical energy resolution of about 80 cm-! or
10 meV. The high resolution is obtained by observing the molecular collision partner
rather than the scattered electron as is normal in most electron scattering experiments. Such
studies are providing fundamental insight into the mechanisms and processes which are
important in plasma etching reactors. Considerable interest in this technique has been
exhibited by scientists working on plasma etching diagnostics in the electronics industry.
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I. QUANTUM GENERATION AND DETECTION OF RADIATION

A. SILENT LIGHT
Malvin C. Teich, Principal Investigator (212) 854-3117
Research Area I, Work Unit 1

We have been investigating ways of making improved sources of silent light (also
known as photon-number-squeezed light or sub-Poisson light),! and determining how
such light behaves when it impinges on simple optical elements. We have determined the
photon statistics at the output of a lossless beamsplitter when photon number states are
incident at the inputs.2 As described in (a) below, the results reflect unexpected
interferences of photon pairs with themselves. For optical signals transmitted through
random media such as the atmosphere, rather than through an optical fiber, the K
distribution and its Poisson transform turn out to be of interest.3 These families of
distributions can be represented in multiply stochastic (compound) form, as discussed in
(b). Detectors of nonclassical and classical light can exhibit 1/f-type noise under a variety
of experimental conditions.4 As we show in (c), a generalized form of 1/f shot noise can
be used to describe these fluctuations.

(@  Quantum-mechanical beamsplitter?

A number of authors have considered the behavior of the quantum-mechanical
beamsplitter in the past few years. We have provided a comprehensive approach that treats
the photon statistics arising from the homodyne photomixing of (not necessarily
independent) light beams of arbitrary statistical composition. It turns out that important
mathematical tools can be borrowed directly from a different, but fully equivalent, physical
model: the quantization of angular momentum. By employing a two-dimensional boson-
operator algebra, Schwinger reformulated the theory of angular momentum.5 The
technique, viewed in r=verse, is ideally suited to the beamsplitter. Schwinger’s formalism
has been considered by Yurke gt al..6 who showed that interferometry with beamsplitters
may be viewed geometrically as abstract rotations of angular momenta on a sphere. We
have extended this approach, carrying over to quantum optics many of the well established
mathematical methods and results from the theory of angular momentum.

For optical homodying, the matrix representation of a lossless beamsplitter belongs
to the SU(2) group of unimodular second-order unitary matrices. The connection between
this group and the rotation group in three dimensions permits the field density operators at
the input and output ports of the beamsplitter to be related by means of well-known
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angular-momentum transformations. This, in turn, provides the joint output photon-
number distribution, which may be written as a Fourier series in the relative phase shift
imparted by the beamsplitter, for a general joint state at its inputs. The series collapses to a
single term if one of the input fields is diagonal in the number-state representation. If the
inputs to both ports are further restricted to be pure number states, the joint, as well as the
marginal photon-number distributions, turn out to be directly proportional to the square of
Jacobi polynomials in the beamsplitter transmittance. These photon-number probabilities
are invariant to a set of physical and time-reversal symmetries. When one of the input
photon-number states is the vacuum, the beamsplitter simply deletes photons from the other
port in Bernoulli fashion, as if they were classical particles. The output photon number is
then described by the binomial distribution. If the inputs at the two ports are different
number states, neither of which is the vacuum, the photon-number distribution is
expressible in terms of summed and weighted products of the results for photomixing with
the vacuum. If the inputs at the two ports are identical number states, and a beamsplitter of
transmittance t=1/2 is used, the photon-number distribution assumes a simple but
interesting form. It vanishes for odd photon numbers, indicating that the photons assemble
in pairs at each output port. Finally, it is shownthathomodynmgquanmmﬂmmanonscan
be reduced by using a balanced photomixer for arbitrary input states.

In Figure 1 we provide a comparison of the beamsplitter-output photon-number
probability distributions when there are a total of 10 photons at the input ports, and the
beamsplitter transmittance t=1/2. The unimodal binomial distribution for a vacuum-state
input at one port (|10,0>) evolves into a distribution in which odd photon numbers are
absent when there are equal numbers of photons at each input port (|5,5>), illustrating the

results described above.

In optics the K dxstnbunon provides a useful statistical description for problems
involving fluctuations of the irradiance (and electric field) of light that has been scattered or
transmitted through random media (e.g., the turbulent atmosphere). The Poisson
transform of the K distribution describes the photon-counting statistics of light whose
irradiance is K-distributed.
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Figure 1. Beamsplitter-output photon-number probability distributions when there are a total of 10 photons
at the input ponts, and the beamsplitter ransmiunance T=1/2. The binomial distribution obtains when all of
the photons impinge on one of the ports (110.0>) whereas a distribution in which odd photon numbers are
absent obtains when equal numbers of photons are incident at each input port (15,5>).

The Ko distribution was first used in the biological sciences in the 1950's:7
however. its first application in optics appears to be in connection with the problem of
doubly-scattered laser light® A general approach for problems involving the field and
irradiance in scattering, speckle. and the propagation of light through turbulent media has
been developed.? This model has also been used to describe non-Rayleigh microwave sea
echo.l0 A number of generaiizations of the K distribution, including the I-K!! and the
generalized-K 12 dismributions. have been set forth. The K distribution has also been
cbtained in the context of a quantum-mechanical formulation. 13

Two physically distinct doubly stochastic representations are available for the K
distribution and for some of its generalizations. In the first, the second momens of a
Rayleigh distribution is smeared by a gamma distribution. In the second. the meag of a
gamma distribution is smeared by another gamma distribution. It has been shown that the
generalized K disribution can be represented as a Rician distribution with both its mean-




square noise component and its coherent amplitude varying in correlated fashion, according
to a gamma distribution.12 The Poisson transform of the K distribution, describing the
photon-counting detection of light whose field (or irradiance) is K-distributed, has been
written in terms of Whittaker functions.8

We have been able to demonstrate that the K-distribution family can be represented
in multiply stochastic (compound) form, whereby the mean of a gamma distribution is itself
stochastic and described by a member of the gamma-family of distributions. Similarly, the
family of Poisson transforms of the K distributions can be alternatively represented as a
family of negative-binomial transforms of the gamma distributions, or as Whittaker
distributions. These multiply stochastic representations provide an alternate route to the
random-walk models in understanding the genesis of these distributions and their Poisson
transforms. Using these representations we have developed a new transform pair as a
useful addition to the K-distribution family. All of these distributions decay slowly and are
difficult to calculate accurately by conventional formulas. A recursion relation, together
with a generalized method of stecpest descent, has been developed to evaluate numerically
the photon-counting distributions, and their factorial moments, to excellent accuracy.

A schematic representation for the effects of a scattering (or atmospheric) medium
of fluctuating transmission (with characteristic fluctuation time T3), imposing a random
modulation on the mean irradiance W of a light source passing through it, is provided in
Figure 2(a). For purposes of illustration, we have taken the fluctuations of the mean
irradiance imposed by the medium to be gamma-distributed. These fluctuations result in an
overall mean aW for the light that emerges from the medium, where a is a scaling factor
introduced by the medium. Light sources also exhibit intrinsic irradiance fluctuations
(characterized by the coherence time ). The integrated irradiance of chaotic (or thermal)
light, for example, is gamma-distributed. A gamma-fluctuating light source, whose mean
is smeared by a random medium in accordance with another gamma distribution, results in
a doubly stochastic distribution for the integrated intensity that is given by the K'
distribution. A unity quantum efficiency detector of the integrated irradiance provides a
direct measure of this distribution. In Figure 2(b), the fluctuating medium and the light
source have the same properties as those considered above. The integrated intensity is
therefore again describable by the K' distribution, but in this case a photon-counting
detector is used. It measures the Poisson transform of the integrated intensity, rather than
the integrated intensity itself. The resultant discrete photon-counting distribution, which
we refer to as A(n), is therefore the Poisson transform of the K' distribution. For a unity
quantum efficiency counter, it registers the same overall mean count aW as does the
integrated-irradiance detector.
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Figure 2. Models representing the effects of a medium with fluctuating transmission (or a scattering
medium) on the statistical propertes of a light source observed at the output of a detector. (a) The medium
(with characteristic fluctuation time T,) stochasticaily modulates the mean irradiance of the source. the
source exhibits intrinsic irradiance fluctuations (with coherence time T¢), and the detector records the overail
(continuous) integrated irradiance (in the time T). (b) Same as (a), but now the detector records the overall

(discrete) photon count (in the time T).

The semiconductor detectors used to detect light exhibit 1/f-type noise under a
variety of experimental conditons. One widely used theoretical approach to this problem
makes use of a superposition of relaxation processes of different time constants. We have
used an alternative approach based on a generalized form of 1/f shot noise that we have
developed. The impulse response functions assume a time-decaying power-law form with
power -B. For 0 < B < 1, the 1/f shot-noise process can serve as a source of 1/f% noise.
for any a =2 (1-B) in the range 0 < @ < 2. The first-order moment generating function
has been developed for 0 < < 1, from which first-order statistics may be numericaily
computed. For §§ > 1, the amplirude has a Levy-stable probability density functon.




The research in this report was supported by the Joint Services Electronics Program.

References

1. M. C. Teich and B. E. A. Saleh, "Photon bunching and antibunching,” in
Optics, edited by E. Wolf (North-Holland, Amsterdam, 1988), Vol. 26, pp. 1-104.

2. R. A. Campos, B. E. A. Saleh, and M. C. Teich, "Quantum-mechanical lossless
beamsplitter: SU(2) symmetry and photon statistics,” Phys, Rev, A 40, 1371 (1989).

3. M. C. Teich and P. Diament, "Multiply stochastic representations for K distributions
and their Poisson transforms,” I, Opt. Soc, Am. A 6, 80 (1989).

‘(‘l 98893) Lowen and M. C. Teich, "Generalized 1/f shot noise," Electronics Lett, 25, 1072

S. J. Schwinger, U.S. Atomic En Commission Report No NYO-3071 (US GPO,
Washington, DC, 1952); reprinted in edited by
L. C. Biedenham and H. van Dam (Academic, New York, 1965).

6. B. Yurke, S. L. McCall, and J. R. Klauder, Phys. Rev. A 33, 4033 (1986).

7. S. R. Broadbent and D. G. Kendall, "The random walk of trichostrongylus
retortacformis.” Biometrics 9, 460 (1953). :

8. M. Bertolotti, B. Crosignani, and P. DiPorto, "On the statistics of Gaussian light
scattered by a Gaussian medium,” J, Phys, A 3, L37-L38 (1970).

9. E. Jakeman, "On the statistics of K-distributed noise,"” I, Phys. A 13, 31 (1980).

10. E. Jakeman and P. N. Pusey, "A model for non-Rayleigh sea echo,” IEEE Trans, Ant.
Prop. AP-24, 806 (1976).

11. L. C. Andrews and R. L. Phillips, "Mathematical genesis of the I-K distribution for
random optical fields,” I, Opt. Soc. Am. A 3, 1912 (1986).

12. E. Jakeman and R. J. A. Tough, "Generalized K distribution: a statistical model for
weak scattering,” L Opt, Soc. Am. A 4, 1764 (1987).

13. E. B. Rockower, "Quantum derivation of K-distributed noise for finite <N>," ], Opt,
Soc. Am. A S, 730 (1988).




B. OPTICAL COHERENT TRANSIENT SPECTROSCOPY
Sven R. Hartmann, Principal Investigator (212) 854-3272
Research Area I, Work Unit 2

1. Attosecond Beats in Atomic Vapors
(D. DeBeer, E. Usadi, S. Hartmann)

We are continuing our study of beating effects in time-delayed four-wave mixing
experiments. In an experiment in sodium vapor, we have observed sub-femtosecond
modulation of the signal intensity as a function of delay time.! The excitation fields
conwined frequency components corresponding to the two fine-structure split levels of the
first excited state. The frequency of the modulation was the sum of the frequencies of these
two levels. The same excitation scheme is now being employed in an experiment in
potassium vapor. The excitation fields are the second harmonics of the fields from two
coherent (laser) sources tuned respectively to the fine-structure split levels of the 4S-6P
transition. The sum of these frequencies, and therefore the expected modulation frequency,
is 1.7 ¥ 1015 Hz. This implies a beat period of 575 attoseconds (1 asec = 10-18 sec)
which we believe will be the fastest such quantum beat observed.

These beats have not yet been observed in our potassium experiment. However the
experimental apparatus is completely assembled, and the search for the expected
modulation is nearing its climax. A schematic representation of the apparatus is presented
in the figure below. The relative delay between the fields in the k; and k; directions is
controlled by moving one mirror in a Michelson-type interferometer with a piezoelectric
crystal. Since one complete modulation of the signal occurs for every 575 asec of
increasing (or decreasing) delay, all mirrors in the interferometer must be stable to much
better than 1/4 of one wavelength (A = 3447A). We have been successful in stabilizing the
delay jitter to well within the limit required for this experiment. To achieve a reasonable
signal intensity, pulses of area 7t are desirable. This implies a needed laser intensity of 448
watts / sq. cm. (compared to 0.24 watts / sq. cm. in the sodium experiment). This
consideration and the fact that we achieve an 8% second harmonic conversion efficiency in
generating the ultraviolet excitation fields necessitate the use of two amplifiers for each dye
laser.

At present fluctuations in the four-wave mixing signal have prevented observation
of the beats. Initially it was thought that amplitude jitter in the pump beams was the main

1 D. DeBeer, E. Usadi, and S. R. Hartmann, Phys. Rev. Lett. 60, 1262 (1988)




culprit. Small jitter in our Nd:YAG laser amplitude is magnified by three nonlinear
processes: dye laser pumping, 2nd harmonic generation, and four wave mixing. An
attempt was made to eliminate this source of noise by software-selecting data based on
pump laser amplitude. Large four wave mixing amplitude jitter persisted even with the use
of this data acquisition software. We now believe that the fluctuations are due largely to
frequency jitter in the dye lasers. The doppler-broadened width of the potassium resonance
lines is 1 GHz. Each laser operates in several longitudinal modes (with a mode spacing of
less than 1 GHz and a total bandwidth of about 6 GHz) and hops freely between them. We
are now setting up dye lasers which operate in a single longitudinal mode and have a time-
averaged bandwidth of less than 150 MHz.2 It is hoped that this will result in a more stable
four-wave mixing signal and enable us to observe attosecond beats in potassium vapor.
Schematic diagram of the apparatus used to generate sum-frequency beats in the TDFWM
signal as a function of time delay: Each dye laser consists of one oscillator and two
amplification stages with a spatial filter after each stage. The KDP crystal doubles the
frequency of each of the laser beams. All subsequent optical components are coated to
reflect only these second harmonic UV beams, so no residual visible light reaches the
potassium cell. M1 is mounted on a piezoelectric-driven translation stage. M2, made of
two perpendicular mirrors, displaces each beam so that it combines at the beam splitter with
the beam of the other frequency.

The research in this report was supported by the Joint Services Electronics Program
and the Office of Naval Research.

2. Broad-Band Time-Delayed Four-Wave Mixing

(M. Arend and S. R. Hartmann)
a.  General

The time-delayed four-wave mixing (TDFWM) technique has been exploited to
measure ultra-fast optical dephasing phenomena in organic dyes and semiconductor doped
glasses. This technique originated from the incoherent photon echo experiment by Beach et
al3 and the work by Morita et al.# The experimental apparatus is shown in Figure 1. Our
source is obtained by transversely ~umping a flow through dye cell with the 2nd harmonic
from a pulsed YAG laser (7 nsec pulse duration). A mirror is placed to one side of the cell
to provide single pass amplification of the spontaneous emission. The light is then split in

2 M. G. Littman, Applied Optics, Vol. 23, No. 24, (15 Dec. 1984)
3 R. Beach, S. R. Hartmann, Phys. Rev. Lett. 53, 663 (1984)
4 N. Morita and T. Yajima, Phys. Rev. A 30, 2525 (1984)




an interferometer with one arm fixed while the other may be moved with a resolution of 50
nm by means of a Melles Griot Nanomover. This resolution in positional delay
corresponds to a 0.33 fsec resolution in time delay. The two beams are made to be parallel
as they leave the delay line and are subsequently focused so that they overlap in the sample.
Interference of the light at the sample causes the ground state population to be modulated
along the direction transverse to the excitation beams so that a spatial grating gets produced
in the sample. Light which arrives at the sample at a latter time during the pulse duration
can then scatter off this grating. The energy of the scattered pulse as a function of delay is
what we call the time delayed four wave mixing response.

Experimetal Apparatus For Incoherent
Time-Delayed Four-Wave-Mixing
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‘Figure 1: Experimental Apparatus




b.  NileBlue
We have utilized our broad band tunable source to excite wide regions of the Nile

Blue absorption spectrum. In Figure 2 we show the transmission spectrum of Nile Blue
together with the intensity spectra of several sources we have used to generate TDFWM
responses. Our TDFWM measurements indicate that the Nile Blue So-S; transition is
homogeneously broadened at room temperature. In Figures 3, 4 and 5 we show the
TDFWM response for the sources centered at 6200A, 6300A and 6600A. The TDFWM
response for both the 6200A and the 6300A sources is symmetric as is the response, not
shown, for the S800A source. The former, shown in Figure 3, is identical with the square
of the auto correlation function while the second, shown in Figure 4, shows definite
broadening which can be characterized by a value of T2=18 fsec. These results are the
basis of our statement that the Nile Blue transition is homogeneously broadened at room
temperature. Our result at 6600A, which is at the edge of the band, shows evidence of a
small amount of inhomogeneous broadening.

Transmission of Nile Blue vs. Wavelength
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Figure 2: The power spectrum of four different sources is shown on the same wavelength
axis as the transmission spectrum of nile blue. The sources which correspond to Figures
3, 4, and 5 are DCM+Sulforhodamine640, DCM, DCM+LDS698 respectively.
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These results are relevant to the recent report of Becker et al’ in which 6 fsec pulses
were used in a photon echo experiment in Nile Blue. Dramatic beating effects which
modulated an exponential decay were observed. They attribute the beating to system
modes at 555 cm! and 1850 cor'l. They assumed that their system was inhomogeneously.
broadened so that the observed exponential decay implies a homogeneous relaxation time
T2 of 65 fsec. However, another interpertation is possible. If one assumes homogeneous
broadening their experiment implies a homogeneous relaxation time T2 of 33 fsec which is
not out of line with our experimental resuits. In a separate study by Weiner et alé , 70 fsec
pulses were used to do three pulse scattering experiments. Their scattering curves for Nile
Blue are indistinguishable from the instantaneous response which they claim indicates that
the system is homogeneously broadened with an apparent dephasing time less than their 20
fsec experimental resolution. This is also consistent with our experimental results and
inconsistant with the results of Becker et al. In addition we have made a modal analysis of
our data using the system modes of Becker et al and it does not seem possible to account
for both the narrowing we observe with the 6200A source and the broadening with the
6300A source.

TDFWM ia Nile Biue vs, Time Delay

0.4 4

Intensity (arbitrary units)

0.0 4
-80

Figure 3: TDFWM in Nile Blue at room temperature in both the 2k2-k1 and 2k1-k2
directions. Also shown is the square of the autocorrelation trace of the light used. The
light source for this data is the I;EM+Sulforhodanﬁne640 source shown in Figure 2.

3 P. C. Becker, H. L. Fragnito, J. Y. Bigot, C. H. Brito Cruz, and C. V. Shank,
Phys. Rev. Lett. 63, S (1989) .
6 A. M. Weiner, S. De Silvestri, and E. P. Ippen, J. Opt. Soc. Am. B 2,4 (1985)
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Figure 4: TDFWM in Nile Blue at room temperature. A fit yielding T2 = 18 fsec. is
shown. Also shown is the square of the autocorrelation trace of the light used. The light
source for this data is the DCM source shown in Figure 2. '

»
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, TDFWM ia Nile Blue vs. Time Delay
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Figure 5: TDFWM in Nile Blue at room temperature in both the 2k2-k1 and 2k1-k2
directions. Also shown is the square of the autocorrelation trace of the light used. The
light source for this dataisdlel;&M+LDS698 source shown in figure two.

In order to theoretically analyze the TDFWM problem for a multilevel system in as

simple a manner as possible we restricted the analysis to the case where two delayed
incoherent ficlds are directed along kj and k2 while a third field directed along k3 is
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relatively coherent. For extreme inhomogeneous broadening we are able to write the
resulting intensity scattered along k3 + k2-k) in terms of elementary functions as?

K0 = (on° T B2 Sl o

x[exp{[(z.g ' ?I-c)‘i(mm‘mn)Tc] |

{I—Erf [(2.1.12‘ 2;. )-1(com—m,,)Tc- }2. (1)

217

v

 Eo refers to the amplitude of the two delayed fields while E3 refers to the amplitude of the

third pulse. T, T, and T2 correspond respectively to the correlation time of the excitation

Using the modal analysis of Becker et al and using the source centered at 6200A we
use expression (1) to obtain the result shown in Figure 6. This result has the asymmetric
signature of inhomogeneous broadening and is inconsistent with our experimental result
shown in Figure 3. Itis interesting to note that the beats should be washed out because of
the shortness of T2.

10
osf
o6f
04r

02F

TDFWM Intensity

00 . .
-50 0 50 100
T (fsec)

Figure 6: The theoretical TDFWM response using the source centered at 6200A and
assuming the parameters for Nile Blue which are given by Becker et al. Notice the

asymmetric response.

7 S. R. Hantmann and J. T. Manassah, submitted to J. Phys. B.
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If we assume homogeneous broadening then the appropriate response is

-2
T T ), _ _ T 1) ..
X { exp [(TI‘; 2Tc)+l(m" mn)TcJ [l Eﬂ{(Tz 2Tc)+1(o)[_ o)n)TcH

e e |

2

In this expression we take T2=33 fsec instead of 65 fsec. There is some arbitrariness in
choosing the location of the modes. However all reasonable choices we consider lead to a
situation where we can make a fit to the data of either Figure 3 or 4 separately but not to
both simultaneously.

We have made improvements in our experimental setup in an effort to reconcile the
two experimental techniques. Our sample is now identical to the one used by Becker et al.
Previously, we had dissolved Nile Blue in ethanol and placed it in a 1mm thick sample
cell. Now, we are flowing Nile Blue dissolved in ethylene glycol through a .1mm dye jet.
This insures that the sample is not hole burned and that any discrepancies in dephasing due
to dye concentration or type of solvent are eliminated. Also, we have made improvements
in our data acquisition software which take into account fluctuations in the source intensity.
This helps us account for a fluctuating signal and also allows us to properly subtract off
background generated from the excitation pulses.

We have succeeded in making measurements of TDFWM at 4.5 degK and have
found that the response which was homogeneous when the 6200A source was used is now
inhomogeneous (Figure 7). A fit to the 2k2-k1 direction is made using T2=13 fsec and
T2*=15 fsec. This is the first time that inhomogeneous broadening has been detected in
Nile Blue. We attribute it to strains induced in the dye molecule by the freezing of the
solvent.
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Figure 7. TDFWM in Nile Blue at 4 deg K in both the 2k2-k1 and 2k1-k2 directions. Also
shown is a fit to the 2k2-k1 direction with T2=13 fsec and T2*=15 fsec.

c.  CdS;Sejzinglass

Our TDFWM results in color filters, i.e.,, host glasses doped with small
semiconductor (CdSxSej.x) crystallites possessing large and fast third order nonlinearities
(108 esu), indicate that regardiess of the optical density or the source T is approximately
30 fsec. The change in the TDFWM character we had observed in going to higher optical
density ( OD ) we have been able to attribute to modification of the source spectrum. We
now find that the lower energy transitions are inhomogeneously broadened while the higher
energy transitions are homogeneously broadened. A possible explanation for this effect
may be that the line width of the higher energy transitions in the microcrystallites are not as
sensitive to the microcrystallite size variations as the lower energy transitions near the
emission edge of the microcrystailites. Perhaps this can be attributed to quantum
confinement effects. We use the equation®

2  1.8e?

AE = S;hl,az— 88:
where a, B, and € are respectively the radius of the microcrystallite, the reduced electron
holemass.anddxedwlecmcconsmntofﬂxenncmcrystalhw. For an average value of a of
50A and a distribution of particle sizes with a standard deviation of 2549 we obtain a

distribution of energy shifts for the lowest energy optical transition with a standard

8 J. Wamock and D. Awshalom, Phys. Rev. B 32, 5529(1985).

9 N. F. Borrelli, D. W. Hall, H. J. Holland, and D. W. Smith, J. Appl. Phys. 61,

5399 (1987)
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deviation of between 9.6 to 26.1 mev depending on whether the crystallites are pure CdS
or CdSe. This translates to a T2* lying between 69 and 25 fsec. Since the selenium
fraction in the samples studied is greater than .64 we expect a value of T>® in the lower end
of this range and thus in agreement with our measurements.

This research was supported by the Joint Services Electronics Program and the Office
of Naval Research.

3. Two-photon Cooperative Cascade Superfluorescence
(D. DeBeer, X. Lu, S. R. Hartmann)

We are in the carly stages of a new experiment studying cascade superfluorescence.
This will be the first experiment to study superfluorescence to the ground state.
Superfluorescence is a type of superradiant phenomena. As described by Dickel0
superradiance is cooperative spontaneous emission. An ensemble of atoms radiating
cooperatively radiate with intensity proportional to N2 where N is the number of

cooperating atoms. When not cooperating the radiating atoms radiate incoherently and the

resulting intensity is proportional to N.

Consider an ensembie of N two level systems which are initially incoherently
inverted. They will initially fluoresce with an intensity proportional to N. If the ensemble
is dense it will exhibit gain and the fluorescence will be amplified to produce a coherence
within the system which manifests itself by the intensity becoming proportional to N2. The
first experiment in which one can observe this effect was performed by Feld et al. in
1973.11

The experiment we have started focusses on an aspect of superradiance which is
cascade superfluorescence. Consider a three-level atom which is initially two-photon
excited from the ground state, la>, to the upper excited state, ic>. Then, under the
conditions appropriate for superfluorescence, coherent emission will build up on the ic> -
Ib> and Ib> - la> transitions as we will describe. One difficulty in such an experiment is
ensuring that one in not simply observing parametric four-wave mixing. However, by
making the two-photon excitation short enough we can avoid that difficulty. In this case
we will see the following:

10  R. H. Dicke, Phys. Rev. 93, 99 (1954).
11 N. Skribanowitz, 1. P. Herman, J. C. MacGillivray, M. S. Feld, Phys. Rev.
Lett. 30, 309 (1973).
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1. No radiation will be observed on the cascade transitions simultaneously with the
presence of the two-photon excitation pulse.

2. All superfluorescence bursts will be delayed from the two-photon excitation pulse.

3. At low excitation intensities, superfluorescence will only be seen on the upper
transition, and it would only appear in the wrong (backward) direction.

4. As the excitation intensity increases, superfluorescence in the forward direction will
begin to appear, and simultaneously with it, a superradiant burst on the lower transi-
tion. (This assumes that superfluorescence in the backward direction is suppressed.)

In order to observe the build up of the superfluorescence we must artificially narrow the
linewidth of sample. We are working with Cs vapor. The gas is prepared Uy optically
pumping the D-line transition in such a way that the m;=-1/2 level of the ground 6Sy; state
only contains atoms in a small velocity group. With the sample thus prepared, a short,
circularly polarized pulse of S ps duration at 8851.5A is then applied which coherently
populates the mp=3/2 level of the 6D3/2 state via a two photon process. Superfluorescence
now develops on the 6D12-6P); transition. Neglecting depletion effects we would expect
to observe superradiance in both the forward and backward directions. Since the excited
velocity group is narrow our expected T2* will be of the order of or greater than the 30 ns
lifetir_2 of the 6Py state (the lifetime of the 6D3; state is 60 ns and does not limit the
response of the system) and thus the evolution of the superfluorescence can be followed.
As has been predicted by Okada et al.12 the superfluorescence in the forward direction can
be inhibited below a certain inversion threshold in which case a superfluorescence burst
should only be seen in the backward direction. The observation of this superfluorescence
inhibition and its associated threshold is one of the major goals of these experiments.
Beyond this threshold, superfluorescence should develop along the forward direction and
simultaneously with it a superradiant burst on the 6P1/2-6S1/2 transition should appear,
also in the forward direction. The simultaneous observation of superfluorescence on both
cascading transitions is the central object of this experiment. Below the threshold
mentioned above a second superfluorescence mode can be activated because of dephasing
effects with the result that a delayed superfluorescence burst will appear. By decreasing the
amount by which we narrow the resonance line in our optical pumping scheme, we will be
able to have a handle on this dephasing induced superfluorescence.

This research was supported by the Joint Services Electronics Program, the
National Science Foundation and the Army Research Office.

12 Jumpei Okada, Kensuke Ikeda, and Masahiro Matsuoka, Opt. Comm. 26,

189 (1978).
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4. . Local Field Contribution To The Nonlinear Response
(R. Friedberg, J. T. Manassah, S. R. Hartmann)

a. Abstract

We have developed a general formalism that incorporates local-field corrections into
Bloch's equations and have used it to calculate the nonlinear strong-field susceptibility of a
pressure-broadened gas consisting of two-level atoms.

b.  Geneml :
We have found!3 that the nonlinear strong-field susceptibility of a pressure-
broadened gas consisting of two-level atoms can be written as '

np/x
mq-nmL-m-iyz
where p is the number density of gas atoms, | =(p4—p-)/p is the fractional
population difference between the excited (indicated by +) and the ground (indicated by -)
states, ﬁ=1tpp2/h,pis the transition dipole moment and, the bare atom resonance
frequency is o , and the local field term is given for a j=0 to j=1 transition by

x=

(DL=(-;--.22)B, the number 4/3 is the Lorentz factor!4 and -.22 comes from

nonpeturbative quantum effects!S. The quantity 7 is determined by
[(1-n)/m][1+ (0o -noL- )l /v3]=1

where I=(DI%/7172 is a normalized intensity

We note that 1} depends nonlinearly on the intensity /. For weak fields 1 = 1 and
the susceptibility y reduces to its normal form. For stronger fields | decreases. The effect
of the local field correction on X can be summarized in the following manner: In the wings
of the resonance the response is shifted by the constant 07, while at line center the shift is

13 R, Priedberg, S.R.Hartmann and J.T.Manassah, Phys. Rev. Ad0, 2446,
(1989)

14  H A. Lorentz, Theory of Electrons (Dover, New York, 2nd ed., 1952)
sections 117-124 and Note 54

15 R, Friedberg, S.R.Hartmann and J.T.Manassah, Phys. Rpts. 7C, 101 (1973)
and references therein
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only @7,/ (1+1). Atlow intensities then the effect of the local field correction is to shift
the susceptibility by a constant amount while at high intensities the effect is to distort the
susceptibility near line center. These nonlinearities can lead to mirrorless bistability but
they require that oL / 2 >1.

We have also calculated the susceptibility associated with a weak probe field in the
presence of a strong pump field. Here the effect of the local field correction on the probe
susceptibility is similiar to its effect on the pump susceptibility except that at moderate
pump intensities there is a significant distortion of the probe susceptibility for the
component of the probe field which is 90 degrees out of phase with the pump field.

This research was supported by the Joint Services Electronics Program and the
Office of Naval Research.
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II. SOLID-STATE ELECTRONICS (MATERIALS AND PROCESSING)

A. ELECTRONIC STATES AT METAL/SEMICONDUCTOR
INTERFACES
Edward S. Yang, Principal Investigator (212) 854-5019
Research Area II, Work Unit 1

1. Fermi-level Movement in GaAs Bimetal Schottky Diodes
(X. Wu and E. S. Yang)

a.  Introduction

For ordinary Schottky diodes having a single metal in contact with the
semiconductor, the barrier height (BH) is fixed, i.e., its value is determined largely by the
cortact metal and the substrate semiconductor. Although some processing conditions could
affect the BH to a certain extent,! most of them are not well-controlled. This forms a
challenge to the fabrication of MESFETSs with desired threshold voltages. This problem
has been resolved by using a new kind of Schottky diode which has two different metal
overlayers with one on top of the other. The inner metal layer is thin and in intimate contact
with the semiconductor. On top of this thin layer a thick metal overlayer is deposited. The
structure of the bimetal Schottky diode is shown in the inset of Figure 1. We use the
notation B/A/GaAs to describe the composition of the diode, where A represents the thin
inner metal and B denotes the top thick metal. The measured BH of such a device as a
function of metal A thickness is depicted in Figure 1. The two diodes are Pt/Ti/GaAs and
Ti/Pt/GaAs. As we see from the figure that with increasing thickness of metal A the
Schottky BH of the device varies from the value associated with the metal B to that
belonging to the metal A. This novel result shows us that controlling the Schottky BH in a
wide range is practical. With different inner layer thickness and a proper combination of
metals, we can virtually obtain any pre-specified BH value from the highest to the lowest
available on a continuous basis. In addition, it is also discovered that the transition of the
BH exhibits an exponential behavior extending over several monolayers of coverage.
These observations provide new information to the understanding of the Schottky barrier
formation.

This experiment raises a basic question on the Schottky barrier mechanism.
Namely, what is the role of metallic screening in determining the Fermi-level position at
metal-semiconductor interfaces. According to Mott-Jones' theory, the ideal screening
length of metal is typically 0.7 A.2.3 If that is true in Schottky diodes, the band bending
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inside the metal would be trivial and we should not be able to see any BH variation beyond
d=3 A, since a monolayer of metal A would be thick enough to shield the effects of metal
B. However, our result is evidently against this expectation. For both diodes the BH
change continues even after 10 A. Based on the above discussion, we propose a model
invoking a finite metal screening length, which well explains the experimental data.

Barrier Height (eV)

-5

= © Ti/Pt/GaAs
0.95

_ Metal B |, ;

_ d0-50
0.90 2
0.85

- ° bl

- Pt/Ti/GaAs
0.80

| 1 | {
o) 10 20 30 40 50

Thickness of Metal A (R)

Figure 1: Barrier heights versus the inner metal thickness for Pt/Ti/GaAs and Ti/Pt/GaAs
bimetal Schottky diodes. The dots and the circles are experimental data and the lines are
fitted curves. The inset illustrates the structure of the device.
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b.

Theoretical Model
The energy-band diagrams of the bimetal Schottky diode are depicted in Figure 2.

Vacuum_level _

,uum_ie .I----_-_-.[- S e
ax
Q¢mA I ___EC
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4 E_f_A__l____ n—-GCaAs
Ess l Q¢:- Ey
~TTTT7T Metal A
Metal B |
Metal CB edge f— d (a)
Vacuum level _ _ _ -
*80 \\_:/.~\\qws
Qéma -q y(x | _L-qrx\~~ ______
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Figure 2: Energy-band diagram of the bimetal Schottky diode. The possible band
discontinuity between the two metals is ignored. (a) The system is not in equilibrium. (b)
After equilibrium is established, the metal band is bent by the contact potential, altering the
ideal Schottky barrier height.
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We use the jellium model to describe the metals such that they are treated as continuous
media.4 In the upper part, the three materials are in contact but not yet in equilibrium. This
is represented by each part of the diode having its own Fermi level while the vacuum level
is flat. Because of the difference in work function, electron diffusion occurs until the
Fermi level in the system lines up. At equilibrium the vacuum level is no longer flat.
Rather, it is bent by the contact potentials due to charge transfer among the media (Figure
2b). The band bending, y(x), inside the metal can be derived from the local net charge, -
qAn, through Poisson's equation. An represents the excess electrons at position x in the
metal, which in turn depends on y(x). If the electronic density of states at the Fermi level
is N/cm3-¢V and is approximately constant over the range of ¢ (the difference of the metal
work function ¢mB - dmA ), An can be written as N(AEf + qy), where AEf is the increase
of the Fermi level in eV. Since metal B is very thick (400 A) compared with the metal
screening length, the Fermi level at the far left of Figure 2b should not be affected by the
contact potential. Taking the interface of B/A as x = 0 and y(-e) = 0, we obtain

d N
%?=q;i-%, x<0 1)

for metal B. Similarly, for metal A, we have

2
N
%=Q:(WA-¢) O<x<d )

€mA and €mp are the lattice permittivities of the two metals respectively. These two
equations are joined at x = 0 by the requirement™f continuity for the potential as well as the
electric field. The boundary condition at x = d, the A/GaAs interface, is

G.A%""I..a =Q,+Q.. A3)

where Qj; and Qg are the interface charge and the semiconductor space charge per unit
area, respectively. However, Qsc (~4 x 1011g/cm2) turns out to be orders of magnitude
smaller than Qjt (~ 1013g/cm?2, see results below), therefore we can neglect Qs in the
analysis. Solving Egs. (1) and (2) with the boundary conditions, we find that the potential

_dropat x=dis
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where Ao(AB) is the effective screening length of metal A (B) which is defined as

A=4En/qN, and y=+(is/€.5)/(A4/€.). Using Figure 2b, the BH can be
written as

®b=0mB — X — Vs(d)- (5)

Here we did not include the image force lowering since it is small compared with ¢p.
Thus, for a given thickness d, the BH of the diode can be calculated from Egs. (4) and (5)
if A, &y for both metals and the interface charge Qj; are known. The permittivity, €m,
describes the polarizability of the atomic cores of the metal in response to an external
electric field. Since the electrons in the inner shell (core) are tightly bound, € in metal is
expected to be small compared with those of dielectrics. In most cases, €y = € is a good
approximation.3 The interface charge, Qjs, in Eq. (4) depends on the position of the Fermi
level. Namely, it is a function of y4(d):

Q,=Qoq D,dE, (6)

where Dy is the density of interface states (cm-2-eV-1) and the zero energy has been chosen
as the Fermi level when d = 0. For simplicity, the Fermi distribution function in the above
equation has been replaced by a step function. Qg = y;(0)emp/Ap is the initial
interface charge in the absence of metal A. This accounts for yg(0) in an ordinary B/GaAs
diode (see Eq. (5)). Combining Eqgs. (4)-(6) together with the data in Figure 1, we have
solved for A, Ap and the density of states, Ds.

Eq. (4) as a function of d is specified by three parameters: A5, Ag and Ds. If Dy is
constant, Qj; becomes linearly proportional to Ys(d), i.., Qit = Q.-qDs[Ws(d)-ys(0)]. For
d =0, ys=QoAp/EmB corresponding to the BH of B/GaAs. When d >> A, Vs is given by
¢ + QitAa/emA, which corresponds to the BH of A/GaAs. For d between these two limits,
g varies exponentially from one limit to the other. The characteristic decay-length of ¢p
depends on both A4 and Ap but not on Dg. D only affects the magnitude of this transition.
Further study shows that A5 is more influential to the decay-length than Ap. This is

J’\l[ vs(d)-v,(0)]
0
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because Ap appears only in y. In fact, varying ¥ from 0.2 to 5 has virtually no effect on
the shape of the resulting curve. Therefore, letting ¥y = 1 as an initial choice allows us to
find A5 without much error. Under this situation, y(d) reduces to a simple exponential
function of d/AA. This was indeed what we found in the Ti/Pt/GaAs samples. Using work
functions of 5.65 eV and 4.33 eV for Pt and Ti, respectively, and 3 = 4.07 eV for GaAs,
we obtained that the effective screening length of Pt is 6.5 A and Dg = 4.5 x 1013/cm2-eV
within the energy 0.78 eV < E¢c-E < 0.97 eV. These values have been refined with the
actual value of Ap for Ti (see below). The result is plotted in Figure 1. It fit' he
experimental data surprisingly well.

When Dy is non-uniform over the transition energy range, the natural exponential
relation will be deformed by the interface state distribution. This is the situation for the
PyTi/GaAs samples. However, we can still estimate from Figure 1 that A for Ti is ~7A.
Knowing A for Ti, we may calculate Qj; in terms of ys(d) from Eq. (4). Then the density
of interface states, according to Eq. (6), is

D, =-19Q @

The result of the calculation is shown in Figure 3. In contrast to the Ti/Pt/GaAs sample,
we found a large density of interface states, up to 3.2 x 1014/cm2-eV at ~ 0.97 eV below
‘the conduction band in the PyTi/GaAs diode. The resultant Fermi level pinning is seen as a
slow variation of the BH for the first 6 A of interfacial Ti.

c.  Discussion

From the forgoing analysis, we found that the effective screening lengths for both
metals differ sharply from the ideal values of Mott and Jones. Such a disagreement has
also emerged from an earlier experiment. Mead once measured the capacitance of a planar
capacitor as the dielectric spacing shrank toward zero.5 He found that A for Ta and Bi is
2.75 A and 5.5 A, respectively. These results, although obtained from a different
approach, are consistent with our observations. The physical reasons for observing a large
effective screening length are not yet clear. In order to examine the possible presence of
interdiffusion or island formation at the interface, an Auger signal profile vs the metal
coverage and a TEM structural analysis were carried out. The Auger profile revealed an
exponential decrease of both Ga and As signal with the increasing coverage of Ti (Figure 3
inset) indicating a uniform growth of Ti overlayer and no significant diffusion of the
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substrate species. The interface morphology between the Pt and the Ti was found very
similar to the Ti/GaAs situation. These results were further confirmed in TEM
characterization where no island structure was observed.” The interfacial chemical
reaction, on the other hand, may create interface states, nevertheless cannot account for the
observed screening length since no bulk reaction was detected by Auger. It seems to us
that the properties of the metal films formed by deposition are different from those of bulk
crystalline metals such as in the crystal structure and, hence, the free-¢lectron density of
states. In spite of the physical explanation, the existing evidence shows that the ideal case
of metal screening does not apply to practical Schottky diodes. Therefore the actual
potential drop in the metal side of a GaAs Schottky contact should not be ignored. This
could very well be true for all Schottky diodes. A recent report has shown that Au and Al
on ZnSe have similar behavior.8 Finally, we would like to point out that the distributions
of interface states found for the Pt/Ti/GaAs and Ti/Pt/GaAs samples are very different.
This suggests that interface states are metal-dependent, though at this stage we are not able
to identify the origin of these states.
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Figure 3: The density of interface states D; obtained in Pt/Ti/GaAs sample. For
Ti/Pt/GaAs sample, a constant Dg = 4.5 x 1012/cm2-¢V was found. The inset shows an
exponential attenuation of the Auger signal for Ga and As vs. Ti coverage and Ti vs. Pt
coverage. They indicate a uniform growth of metal overlayers and no interdiffusion.
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B. NEW OPTICAL MATERIALS AND SOURCES
Irving P. Herman, Principal Investigator (212) 854-4950
Research Area II, Work Unit 2

The main objective of this JSEP work unit is to understand the optical, electronic,
and structural properties of II- VI semiconductor heterostructures and superlattices, using
optical probing and pressure tuning techniques. Another objective of this work unit is to
examine the effect of processing on compound semiconductors by using optical techniques.
This research will help in the development of new optical and electronic technologies based
on these semiconductor materials.

1. Optical Studies of II-VI Semiconductor Structures

We measured the near bandgap photoluminescence of ZnSe epilayers grown on
GaAs substrates for pressures up to ~30 kbar using a diamond anvil cell at T = 9 K.
Specifically, we measured the bandgap changes with pressure, dE/dp, for pseudomorphic
and nonpseudomorphic films and compared these results with with those from similar
studies we conducted for bulk crystalline ZnSe. We also began the examination of
photoluminescence (PL) from ZnSe/ZnMnySe.x superlattices. In these studies, we used
MBE grown films from R. Gunshor at Purdue University and from D. Cammack at Philips
Laboratories, who is a new collaborator for this JSEP effort. Our bulk crvstalline ZnSe
samples were also obtained from Philips (M. Shone).

Commensurate growth of ZnSe on GaAs has been achieved previously for
thicknesses up to ~0.15 um.1-3 Elastic strain due to the lattice mismatch (0.25% at room
temperature) is accommodated until the critical thickness is obtained. For larger
thicknesses misfit dislocations lower the total energy of the system and incommensurate
growth ensues. Previous studies have demonstrated the relation of this strain to epilayer
thickness, with its concomitant effect on the density of misfit dislocations 24, Moreover,
photoluminescence (PL) studies have demonstrated the effect of this strain on band-edge
emission. 46 The presence of biaxial strain in very thin films is also expected to alter the
effect of applied hydrostatic pressure (p) on the band-edge photoluminescence relative to its
effect on the PL from bulk material. Previous reports have determined dE/dp, the change
in bandgap energy with pressure, to be in the range 6.0 — 7.5 meV/kbar for bulk ZnSe at
room temperature down to 77 K.7-9

Photoluminescence measurements were made during this year on 0.1 and 2.1 pm-
thick ZnSe epilayers grown on GaAs by MBE and on bulk ZnSe grown by zone melting.
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The "thin" epilayer was commensurately grown, while the "thick” layer was thicker than
the critical thickness for commensurate growth. Experiments were conducted at a
temperature of T = 9 K and at pressures up to ~30 kbar. The GaAs substrate was initially
~300 pm thick, and was thinned down to ~50 um by mechanical polishing.

High pressure measurements were made in a gasketed Merrill-Bassett diamond
anvil cell (DAC) described in the previous JSEP progress report,10.11 contained within a
closed cycle refrigerator (9 K). The ZnSe sample was loaded with ruby chips in a liquid
argon bath within the DAC to obtain near-hydrostatic pressure conditions at low
temperature.12 ZnSe and ruby photoluminescence were excited using the 4067 A line from
a krypton ion laser, and were detected using a 0.85 m double spectrometer and a cooled
PMT. Photon counting electronics were interfaced to an IBM AT for A/D data conversion,
storage, and analysis.

The pressure in the DAC was determined using the calibration scale for ruby
fluorescence vs. pressure.!3 This was in turn calibrated using the 6929.468 A line from a
neon discharge lamp, together with the 6965.430 A line from an argon lamp. The pressure
determination is accurate to < 0.15 kbar, and energy measurements for the ZnSe
photoluminescence are accurate to < 0.6 meV. The resultant uncertainty in the values of
dE/dp is less than 0.21 meV/kbar.

Near band-edge PL spectra are shown for the three samples at ambient pressure
(1 bar) and T = 9 K, as the lower spectra in each of the three parts of Figure 1. For the
bulk crystalline sample in Fig. 1a, the dominant feature at 2.7973 eV (Iq) is associated
with a neutral bound donor exciton, attributed to either an In or Ga impurity. A neutral
bound acceptor accounts for the exciton feature at 2.7924 eV (I,). The feature at
2.7829 eV (1;DEEP) is due to a deep level acceptor, commonly attributed to Cu. The
phonon replica, I,PEEP-LO, is found 31.6 meV lower in energy than I, DEEP, Finally, the
two weak features higher in energy than I, are due to the excited state (n=2) of a donor
bound exciton at 2.8014 eV (I ) and the free exciton transition at 2.8039 eV (FE).

Identification of the PL peaks is less certain for the epilayers. For the "thick" film
in Fig. 1b, the ambient pressure peak at 2.8009 eV (FE) is attributed to the ground state
free exciton peak. The red shift from the bulk value may be due to a slight tensile strain.3
The peak at 2.7958 eV (Iyg) is associated with an exciton bound to a neutral donor and the
peak at 2.7728 meV (I') is as yet unidentified. For the "thin" film in Fig. 1c, one large
peak is obtained. This corresponds to the ground state free exciton transition with energy
2.8055 eV (FE). The blue shift from the bulk value corresponds to an in-plane
compressive strain due to a lattice mismatch at 9 K of ~0.23%. A very small peak is found
near 2.7998 ¢V (I,), which is usually attributed to a neutral bound exciton.
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The photoluminescence was monitored with increasing pressure for all three
samples. A representative plot for each sample at a higher pressure is provided by the
upper spectra in the three parts of Figure 1. For the "thick” epilayer, the Iy peak intensity
decreases with increasing pressure and disappears altogether at approximately 16 kbar. At
approximately the same pressure, a new feature begins to grow at 2.9170 eV, which is
6.4 meV higher in energy than the FE peak. As pressure is increased the exciton energies
Ing, I;PEEP, and I;DEEP-LO gre monitored for bulk ZnSe, the FE, IpClIn.Ga, and I' peaks
are monitored for the "thick" sample, and the free exciton transition (FE) is monitored for
the "thin" sample. The resultant plots of energy vs. pressure are shown in Figure 2. Least
square lines are plotted for these data, yielding values for dE/dp. For bulk crystalline
ZnSe, a value of dE/dp = 6.45 * 0.12 meV/kbar is obtained for the dominant Iy, peak, with
dE/dp =6.59 *0.12 meV/kbar for I;PEEP and 6.58 * 0.15 meV/kbar for I, PEEP-LO, For
the "thick” sample, dE/dp = 6.50 * 0.13 meV/kbar for the dominant free exciton (FE) peak,

6.54 * 0.13 meV/kbar for I, and 6.67 * 0.15 meV/kbar for I'. For the "thin" sample, L
dE/dp = 6.48 * 0.21 meV/kbar (FE).

The effect of hydrostatic and uniaxial pressure on a semiconductor is to shift the
conduction and valence band edges by changing the volume and crystal symmetry. For
ZaSe with its direct bandgap at Iy, the conduction band is only subject to hydrostatic
components of strain. However, in addition to the effect of hydrostatic strain on shifting
the valence bands (T'g), tetragonal distortion splits the degeneracy of the four-fold P3p
multiplet into heavy hole (hh: J = 3/2; my =+ 3/2) and light hole (th: J = 3/2; my=* 1/2)
bands. The effect of biaxial stress due to lattice mismatch may therefore be separated into
hydrostatic and nonhydrostatic components,14.15 which when considered together with
externally applied hydrostatic pressure may be shown to affect energy bandgap shifts,
according to:

AEg =—(ac - av) C_u_-%%ﬁ—z' +[2(ac - av)(1 —%f) +b(1+ %ciLIZ)]efgSe(—r’p)
(1]

The first term is the hydrostatic pressure component, while the first component of the
second term is due to the hydrostatic portion of the strain and the second component is due
to tetragonal deformation, with — for heavy holes and + for light holes. Spin-orbit splitting
has been included in the overall bandgap term. Here, a; and a, are the hydrostatic
deformation potentials for the conduction and valence bands respectively, b is the uniaxial
deformation potential for a strain of tetragonal symmetry, and C,, and C,, are elastic
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constants for ZnSe. The strain Zl‘s"('l‘,p) is evaluated for a given temperature and

pressure and has the form:
, P
eZsSe(T, . &(T.pg) 1 -& %20, _1 2]
xx aX('I.’p()) l E

T Ci1 + 2Cy2

where a,(T.,py) is the lattice constant for ZnSe at temperature T and ambient pressure (p =

1 bar), and the primed quantities correspond to the respective parameters for GaAs.
The resultant shift in bandgap energy with pressure for a strained layer may be
related to (dE/dp)puik = - {3(a, - a,/(Cy;+2C;,)} for bulk material by:

dE dE
(s~ e
| C sTpdf 1 1
- [2(I¢-8v)(1 -E'}f)?- b(1 + __12)] ax(Tpy LCih + 2G, Cy + 2C12]
[3]

The variation of the exciton binding energy with applied hydrostatic pressure is not
significant here.

The values for dE/dp may be evaluated using C;; = 929 kbar, C;5 = 562 kbar,
Ci1 = 1221 kbar, Cy2 = 566 kbar,16.17 a,(298 K,py) = 5.6676 A, and a;(298 K,pgp) =
5.6533 A.5:17, The elastic constants are for T = 77 K. For 9 K, the elastic constants are
estimated to be 940, 570, 1234, and 577 kbar, respectively, extrapolating from the
constants at 77 and 300 K by using an exponential fit. A wide range of deformation
potential values are reported in the literature. The theoretical values (a; - ay) =—-4.17 eV
and b = — 1.20 eV(.13) can be used as reference parameters. Then the expected values of
dE/dp are 6.09 meV/kbar for bulk crystalline ZnSe, and 6.05 and 5.72 meV/kbar for the hh
and 1h bands for strained layer ZnSe on GaAs, using the clastic constants at 77 K. At9 K,
the respective values are 6.01, 5.98, and 5.65 meV/kbar. Using the previously determined
experimental valuesS as a second reference, (a. - a,) = - 4.87 ¢V and b = — 1.05 eV, then
the three expected values for dE/dp are 7.11, 7.02, and 6.73 meV/kbar, respectively at 77
K, and 7.02, 6.93, and 6.64 meV/kbar at 9 K. The value of (a; - ay) determined here is —
4.47 eV, using dE/dp measured for the I2p peak in bulk crystalline ZnSe and using the
elastic constants estimated for 9 K.
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The heavy hole band is higher in energy than the light hole band for compressed
films, while for films under tensile stress the light hole band is higher. However, since
dE/dp for hh is greater than that for lh, increasing the pressure will cause the bands to
cross. Thus films initially under compressive stress, such as "thin" ZnSe films, will
become tensile beyond some pressure, and the value of dE/dp will change from the hh to
the 1h value. The "thick” films, on the other hand, are always either relaxed or under
tensile stress, and will therefore follow the 1h value throughout.

Low temperatures (9 K) will affect the film strain and the relative energies of the
valence bands. Specifically, for ZnSe films on GaAs, a temperature decrease relaxes the
compressive strain due to lattice mismatch, since the thermal expansion coefficient for ZnSe
is larger than that for GaAs.15 Nonetheless, the "thin" films here remain compressively
strained even at low temperature for p < 34 kbar, so that the heavy hole band will therefore
always be at the higher energy. Hence, the model suggests that dE/dp for the "thin" film
hh excitons and for excitons in the bulk should be within 0.1 meV/kbar of each other.
Within experimental uncertainty, this is seen here. The "thick” ZnSe films, however, are
always under tensile stress, since it is assumed that the compressive strain has been
completely relaxed at room temperature. As a result, dE/dp for these films is expected to be
the lh value which, according to the model, is ~0.3-0.4 meV/kbar lower than the bulk and
"thin" film values. This is in contrast to the reported measurements.

Representative PL traces for the ZnSe/ZnMnxSe).x pressure tuning studies
conducted this year are given in Fig. 3, along with a preliminary determination of dE/dp,
shown in Fig. 4. Note that the width of the PL spectrum decreases with increasing
pressure.
We also designed a new diamond anvil cell this year, using the cell in ref. 19 as a
model, which should permit operation at even higher pressures within the cryostat than is
currently possible with the Merrill-Bassett cell. Moreover, use of this new DAC will
enable us to tune pressure while the cell is in the cryostat, which is not possible with our
current system. Two of these new cells have been constructed and they will be tested and

used in the upcoming reporting period.
2. Optical Studies of Compound Semiconductors after Processing

Raman microprobe scattering was used to probe GaAs surfaces after local laser
doping by Zn. Figure 5c shows a typical Raman spectrum, along with reference samples
shown in Fig. 5a and b. Of particular interest is the fine lateral resolution achievable with
this microprobe, which is demonstrated in Fig. 6 and shows that the width of the doped
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C. ULTRAVIOLET LASER INDUCED ELECTRON AND ION
EMISSION FROM SEMICONDUCTORS
Richard M. Osgood, Jr., Principal Investigator (212) 854-4462
Research Area II, Work Unit 3

1. Photoemissive Scanning Microscopy of Doped Regions on
Semiconductor Surfaces
(B. Quiniou, R. Scarmozzino, Z. Wu, and R. M. Osgood, Jr.)

Photoemission from semiconductor surfaces has been extensively used to determine
the energy levels in semiconductor materials,! and their bulk material properties such as
doping.23 Photoemission from metal conductors in integrated circuits has recently been
used as a microscopic probe of circuit performance. Here we describe the first use of
photoemission scanning spectroscopy to map the doping and surface properties of
semiconductors. A focused UV (ultraviolet) laser beam is scanned across a patterned
semiconductor, and differences in surface properties such as doping or oxide/metal
deposits are observed as differences in emitted photocurrent. Although the technique is
applied to silicon, it has direct applicability to mapping of doped regions in compound
semiconductors as well.

This technique has several potential advantages over other possible methods for
mapping out microscopic surface properties. For instance, micro-SIMS (secondary ion
mass spectroscopy) has an excellent spatial resolution but it is a destructive technique
which must be used in ultrahigh vacuum. When implemented in a practical system, our
technique can provide an jin situ probe of doping levels or doping patterns in a
semiconductor wafer, with a spatial resolution of a few wavelengths of the probing beam.
The experimental apparatus consists of a cryopumped stainless steel vacuum chamber
which maintains the sample and collector at a pressure of 10-8 to 10-6 Torr. The collection
arrangement is shown in Figure 1.

The laser wavelength used for most experiments was 257 nm (4.82 eV) and is
obtained from an argon-ion laser using an intracavity frequency doubler. The laser beam is
translated by a set of X-Y stages with (.1 -um resolution, and is focused by a 16X UV
transmitting microscope objective to a spot size of about 1.7 um full-width-at-half-
maximum. The samples used were strongly doped (100) p-type silicon (1020 cm-3), and
weakly doped (100) p-type silicon (1014 cm3) patterned with 25 -um lines of p* (1018 -
1019 cm-3) or n* (1019 -1020 cm3) regions. Because near-threshold photoemission is
known to be very sensitive to surface conditions, several different surface preparations
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were tested. Note that it is not necessary to remove the native oxide prior to loading the
samples.

Experimental Setup

257-nm Laser

Chopper

' % ' Lock-in Chart
Amplifier - Recorder

t
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[Vocuum

Figure 1. The collection arrangement for the detection of photocurrent. Inset: Typical plot
of photocurrent versus laser power for a weakly doped p-type sample.

Our photon energy of 4.82 eV is slightly below the published photoelectric
threshold for lightly doped bare Si (100) (5.11 eV).5 Despite this energy deficiency,
photoemission was seen for samples of all doping levels. A measurement of the
photoelectric current was seen for samples of all doping levels. A measurement of the
photoelectric current versus laser power exhibited a linear dependence, which is consistent
with a single-photon photoemission process. The linear power dependence also indicates
that space-charge effects are not limiting the photocurrent.

The absolute yield for the weakly doped p-type silicon with the native oxide layer
was of the order of 10-7 electrons/photon, higher than would be expected from the data in
[5], particularly when one realizes that the surface is covered with the thin layer of native
oxide. This magnitude of yield was routinely obtained on silicon surfaces prepared with
the simple degreasing procedure. We believe the larger-than-expected yield to be the result
of adsorbed gases (possibly water vapor), which are known to affect the work function of
a surface considerably.5 Consistent with this is our observation that the yield on the
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chemically inert, hydrogen-passivated surface was significantly less. Thus, despite the fact
that our surfaces are far from bare, adequate yields of photoelectrons can be obtained.
Figure 2 shows a typical trace of the photocurrent versus time for a stationary laser
spot on the weakly doped p-type silicon region. Figure 3 shows plots of photocurrent
versus time obtained while scanning the beam across the p* on p and n* on p samples.
The strongly doped regions give a higher signal than the weakly doped regions, and are
clearly evident in the figure. The measured widths of the doped regions are = 26 - 31 um,
in agreement with the patterned widths (these numbers differ from 25 um due to the tilt of
the samples). The signal peaks at the edges of the line are superficially similar to edge
effects seen in other optical studies. The effect could be due to crystallographic-sensitive
emission, electromagnetic-field edge enhancement, or doping gradient effects. In
particular, since the highly doped lines are normally recessed about 400 - 800 A due to the
fabrication procedure, different crystallographic planes might be exposed at the edge of the
line. The Si (100) surface, which was the surface we used, has the largest photoemission
threshold (5.11 eV for the (100) surface, 4.73 eV for (110) and 4.60 eV for (111)5 and the
exposure of surfaces other than (100), due to the recessing, could give a larger signal than
for the purely (100) surface in the center of the doped region. The same recess
discontinuity could cause an enhanced electromagnetic field at the edge due to surface
roughness. To gain some insight into the mechanism of edge enhancement, grooves of
similar width were etched to depths of = 300 A on a p-type substrate. No photoemission
enhancement was seen at the edges of the grooves. This result appears to rule out the
enhancement due to crystallographic or optical electromagnetic field effects. We tentatively
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Figure 2. Photocurrent versus time for stationary illumination. Sample: weakly doped p-
type silicon.
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ascribe the edge effect to the doping gradient, most probably associated with its built-in
static internal field.

On a freshly cleaved Si (111) surface, the doping dependence of photoemission
yield has been observed and explained by Gobeli and Allen.23 In that work they measured
the apparent threshold for photoemission versus bulk doping and found that the threshold
is highest for weakly doped p-type samples, while for strongly doped p or n-type samples
the threshold is reduced by 0.35 - 0.40 eV. For p-type material this doping dependence
arises from the upward bending of the valence band relative to the surface, which for high
doping occurs within the penetration depth of the photon and the escape depth for
electrons, and therefore reduces the emission threshold of electrons emitted from the bulk.
For n-type material, the bands bend in the opposite direction and the threshold for emission
from the valence band in the bulk is increased, thus one would expect a decrease in the
yield. However, surface states lying just below the conduction band will move below the
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Fermi level and become occupied, and increased yield will result due to emission from
these states. As the n-type doping is increased even further, the conduction band in the
bulk will move below the Fermi level, and a lower threshold will result from emission from
the conduction band.

In contrast, our samples, Si (100) surfaces, are not ideal since they are covered
with a thin layer of natural oxide. Further, due to our sample cleaning procedure our
sample surface is covered with -OH groups. It is probable that these -OH groups lower the
photoelectric threshold (5.11 eV) for Si (100) surface so that we still observe
photoemission even though our photon energy is only 4.82 eV. The presence of the oxide
on the Si surface drastically changes the Si/SiO3 interface electonic states, as well as the
band bending.” However, using arguments similar to those used for cleaved surfaces, one
can still show that the photoemission yield is higher for n* and p* type than for weakly
doped n or p type, in agreement with our observations. Note that the known thickness of
such native oxides is less than the escape depth of the electrons, thus permitting emission
from the material beneath the oxide layer.

In conclusion, we have demonstrated that photoemission induced by a focused UV
laser beam can be used to map doping patterns on a semiconductor surface. We have
shown that even though the photon energy is slightly below the bulk emission threshold,
differences in photoemission yield from different doping regions are still clearly
observable. The spatial resolution was limited only by the width of the focus UV probing
beam, to be ~ 1 - 2 um for our optics; more attention to the optical train and processing can
yield submicrometer values. This probing technique is shown to be applicable to Si
samples covered with a natural oxide layer, therefore it has the potential of being a
practically useful tool to probe semiconductor surfaces. The technique can potentially be
extended to observing other surface sensitive properties such as defects or surface
roughness.

This research was supported by the Joint Services Electronics Program; the laser
scanning instrumentation was funded by SRC.
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2. UV Laser Photoemission Studies of Compound Semiconductor
Surfaces
(B. Quiniou, R. M. Osgood, Jr., and Z. Wu)

a.  [ntroduction

One photon photoemission spectroscopy has proved to be an extremely valuable
technique for investigating electronic structures of materials and especially semiconductors.
However, this technique does not allow the probing of states with an energy laying
between the Fermi energy and the vacuum level, and therefore normally unoccupied.
These states happen to play very important roles or are directly involved in chemical and
physical processes at surfaces such as molecular/atomic adsorption and Fermi level pinning
in electronic devices.

Although there are several different spectroscopic techniques which allow direct
probing of these states including inverse photoemission, negative electron affinity and
partial yield spectroscopies, two photon photoemission spectroscopy, based on laser
sources, recently appeared as most interesting in terms of energy resolution, suriace
sensitivity and has also benefitted from the long developed one photon photoemission
spectroscopy. In this technique an electron is ejected by a first photon from an initial state
to an intermediate state, then to a final state by a second photon.

We have recently proposed to use two-photon photoelectron spectroscopy to study
semiconductor surfaces and their interfaces with their respective insulators. Our goal is to
extract the relevant concepts associated with surface and interface electronic phenomena and
to gain a working knowledge of these phenomena, for which there is a real need.

The following is a brief description of our experimental set-up and a report of our
progress.
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Tunable, pulsed excitation laser radiation is provided by the frequency-doubled
output of a dye laser pumped by an excimer laser. Using several sets of dyes the photon
energy is tunable from the far infrared to the ultraviolet ranges. The pulses are typically 20
nanoseconds long and can carry 0.1 joules in energy.

The sample sits on a rotatable rod in a vacuum chamber with base pressure less than
10-10 Torr. The rotation of the rod as well as the loading of the sample are made possible,
without any venting of the chamber, by a three stage differential pumping unit. The
analyzer/detector box is also attached to a rotatable flange. Prior to being studied the
sample can be cleaned by repeated cycles of argon ion sputtering and high-temperature
annealing. The chemical composition and the atomic structure at the surface of the sample
are monitored by Auger spectroscopy (AES) and low energy electron diffraction (LEED).

The weakly focused laser beam impinges on to the sample at an incidence angle of
45°. The photoelectrons emitted are collected by the analyzer within a solid angle of less
than 0.002 steradians. When necessary the electrons can be focused on to the analyzer
entrance slit by an electrostatic Einzel lens. The analyzer is operated in a constant
transmission energy mode, typically 40 electron-volts. The electrons are either accelerated
or deccelerated to the transmission energy. The energy resolution is constant and equals
0.4% of the transmission energy, i.c., 150 meV.

The analyzed electrons, at the transmission energy, are then multiplied by a pair of
microchannel plates (MCP) in a chevron configuration. This configuration ensures a high
gain of about one million, a reduced noise as well as a high saturation level, which is
desirable in our pulsed light experiment. Once multiplied by the microchannel plates the
electrons are collected by a metallic end-plate collector.

These charges, Q, are analyzed by the following electronics:

Digital Micro
Charge preompiifier scope computer
controlier
from the <E:
detector
interfoce bus
0/A A/D converter
to the
analyzer

Electron energy
anslyzer
power unit
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A charge preamplifier transforms the roughly 20 nanoseconds long packet
containing the Q charges into a voltage which has a peak directly proportional to Q (0.3
volts per picocoulomb) and then decays on a millisecond scale. A fast digital scope with
internal data processing capabilities captures the signal from the preamplifier, digitizes it
and transmits the relevant information to the memory of a microcomputer via an interface
bus. The microcomputer also controls the digital scope and the electron analyzer power
vnit which implements the potential differences to be maintained between the different parts
of the analyzer.

b. Results .

Our initial experiments with the above apparatus were designed to test the
sensitivity of the detection system and the control of the dye and pump laser beams. To do
this we used a sample of polycrystalline aluminum, a material having the relatively low
work function of ~4.1 ¢V. We irradiated this sample with 43 eV from the doubled-dye
laser at an intensity of about 1 MW/cm?2 and measured the energy of the photoelectrons.
Photoelectrons were casily seen, and a measurement of the electron energy distribution
showed a feature originating from a simple, single-photon emission as well as a feature at
higher electron energies which we believe ariginates from a two-photon process.

The second set of "calibration’ experiments involved Si (111). This material has a
carefully studied band structure and a clearly delinecated method of surface preparation. In
addition, Steinmann gt, al.! and Moison and Bensoussan2 have made some previous
studies of its near threshold-photon emission using various laser sources. Finally, the
yield from Si is expected to be low so that the sensitivity of our spectrometer could be
tested under more rigourous conditions than for AL

- In this experiment, we used low B-doped (111) oriented material. Since we
irradiated it with 4.03 eV light, well below its threshold photon energy of 5.1 eV, the
photoemission process involved two-photon emission. A plot of the integrated electron
number versus laser intensity is shown in Figure 1. The results show that at low energies
(or intensities) photoemission varies linearly with the light intensity. This result may
appear unexpected for a two-photon process which might be expected to proceed as the
square of the laser intensity, however, it can be shown that it is, in fact, in accord with a
sequential two-photon process in which one of the steps has a much larger cross section
than the other. At higher intensities in Fig. 1, the linearity is lost at which point space
charge limit emission occurs. At still higher energies (inset), linearity is again regained.
We believe based on previous experiments, that the space-charge limitation is broken by the
onset of positive ions. A major goal of this JSEP project is to understand the effect of
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surface preparation on emission of positive ions. This determination will be undertaken in
the next several months.
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Figure 1. Integrated number of emitted electrons versus laser intensities.

A second experiment which we have begun is to investigate the evolution of space-
charge broadening in the electron energy distribution. The experimentally obtained electron
distributions are shown in Figure 2 for three different irradiation intensitics. (@ = 07, 308
am, Si (111)). The results show that as the clectron density increases above the surface,
electron-electron collisions broaden the electron distribution and increase the maximum
electron kinetic energy. We are analyzing this data and attempting to develop a theoretical
treatment.
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potential,
¢.  Euture plans

Our current research plan is to first demonstrate good control over semiconductor
surface quality, and then begin investigation of two-photon photoemission in compound

semiconductors and insulator semiconductor interfaces.

This research was supported by the Joint Services Electronics Program and the
instrumentation funded in part by the ARO and by an instrumentation grant from AFOSR.
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D. GENERATION AND DYNAMIC PROPERTIES OF METASTABLE
SPECIES FOR QUANTUM ELECTRONICS AND LASER
MICROPROCESSING
George Flynn, Principal Investigator (212) 854-4162
Research Area II, Work Unit 4

1. Diode Laser Probing of CO, Vibrational Excitation

Produced by Collisions with High Energy Electrons
from 193nm Excimer Laser Photolysis of Iodine
(Arthur S. Hewitt, Lei Zhu, and George W. Flynn)

a.  Introduction

The elucidation of electron-molecule interactions is of fundamental importance in
the chemistry and physics of electron-rich environments such as plasmas, discharges, gas
discharge lasers, the upper atmosphere, and planetary atmospheres. There have been many
studies of direct electron-molecule inelastic scattering as well as of the formation of
temporary negative ion states.]"3 The typical electron scattering experiment consists of
energy selected electrons from an electron gun which collide with a molecular beam. The
scattered electrons are detected with a rotatable energy analyzer. The energy resolution of
these experiments has been limited to ~11.5 meV (~93 cm'l). As a result, the state-
selective investigation of molecular rotational excitation by electrons is only possible for
electron-Hy/Dy scattering. 47

The use of narrow bandwidth lasers to produce monoenergetic electrons and to
probe the excited species following electron-molecule interaction holds much promise for
providing new insights into electron collisions with diatomic and small polyatomic
molecules. By varying the pump laser wavelength and the electron precursor, resonances
in electron-molecule scattering can be observed.! Bergmann, et al. have recently used
laser-induced fluorescence to probe rotational excitation in sodium dimers from the impact
of 150-300 eV electrons produced from an electron gun.8'9 Diode laser absorption
spectroscopy, a super high resolution techniquc.m'll allows the vibrational, rotational, and
translational energy of molecules excited by direct electron scattering or produced by decay
of temporary negative ion states to be determined.

Due to its importance in CO, lasers, electron-CO, scattering has been studied in
considerable detail by electron energy loss techniques. Each of the fundamental vibrational
modes is excited at threshold (i.e., when the translational energy of the electron matches the
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vibrational frequency) with a cross section of ~1 A2.12.13 pirecy inelastic scattering!314
and the influence of a virtual state!3-18 are found to contribute to the vibrational excitation
of CO,. However, electron energy loss techniques are not able to resolve various

vibrational modes of CO». In this report, the first high resolution (0.0003 cm™!) studies of
electron-CO scattering are described. Hot electrons, e-*, are produced by I2 multiphoton
ionization (MPI) at 193 nm:

I, + nhv(193 nm) - I+ + ¢-* ¢

Vibrationally excited CO, molecules are then produced by inelastic scattering:

e* + CO2(0000;1°,V*) — ¢ + COz(mn/p;,V) )

where m, n, and p are the number of quanta of symmetric stretching, bending, and
antisymmetric stretching motion; J and [/ are the rotational and vibrational angular
momentum quantum numbers; and V is the velocity of the CO, molecule. Time-resolved

diode laser absorption spectroscopy is then used to monitor the nascent excited ro-
vibrational states populated in the scattering process:

CO5(mn/p;J,V) + hv(~4.3um) - COx(mnlp+1;1-1,V) 3)

In addition, time-resolved laser “Doppler spectroscopy” is employed to deiermine the
translational recoil of the CO, molecules following a collision. The rotational distribution,

transient linewidths, power dependence, and the ratio of the number of vibrationally excited
molecules to the number of photons initially absorbed are determined for excitation of the
©0,(00°1) antisymmetric stretching state. Preliminary studies of vibrational excitation into
the 0092, 10°0, 0290, and 0220 levels of CO, as well as the v=1 level of CO are also
discussed here. Electron-CO inelastic scattering is studied with time-resolved diode laser

absorption spectroscopy by monitoring transitions of the type:

CO(v=1;],V) + hv(~4.7um) = CO(v=2;J-1,V) 4)

50




b. Experimental

The experimental apparatus has been described in detail elsewhere,
brief summary will be given here. 193 nm pulses from an ArF excimer laser are propagated
down a 2.76m sample cell which contains a 1/10 mixture of 1,/CO, or I2/CO at a total
pressure of 27.5 mTorr. Tunable cw radiation from a diode laser at ~4.3 um (to probe
CO,) or ~4.7 um (to probe CO) is collinearly propagated through the cell with the excimer
beam. The diode laser is tuned to various ro-vibrational transitions in CO, or CO. Time-
resolved changes in the transmitted IR intensity are measured with an InSb detector. The
signals are digitized and averaged on a digital oscilloscope and sent to a computer for
storage and later analysis. The diode laser modulation, excimer laser firing sequence, and
data aquisition are controlled by a PC. For transient linewidth measurements, the diode
laser is modulated at ~250 Hz over several linewidths of a specific CO, absorption line.
The Doppler lineshape is determined by firing the excimer laser at different delay times with
respect to the start of the modulation cycle. A Fabry-Perot etalon with a free spectral range
of 0.0097 cm’! is used for frequency calibration.

The size of the signals is found to decrease as a function of the number of excimer

laser shots due to the build-up of photoproducts on the cell windows and due to the loss of
L,. In order to make accurate relative measurements, an “indicator” line is employed to

1920 and only a

correct for all these factors. Transient absorption signals are also observed when the diode
laser is tuned off-resonance due to thermal lensing and/or schlieren effects. The off-
resonance signals are decreased in amplitude relative to the on-resonance signals by using
gas mixtures with a low I, mole fraction and by careful alignment of the excimer and diode
lasers. After realigning the laser beams, if the off-resonance signal is more than 5% of the
on-resonance signal, then the off-resonance signal is subtracted from the on-resonance
signal.

A capacitance manometer (range: 0-1 Torr) monitors the gas pressure in the sample
cell. The CO, (Matheson, 99.8%) is freeze-pump-thawed at liquid nitrogen temperatures
before preparing a CO, bulb. The I, crystals (Aldrich, 99.999%) are placed in a gas bulb

which is pumped on for several hours before use. 1/10 mixtures of 1,/CO, are made by
consecutively flowing each gas into the sample cell. Before filling the cell with an 1,/CO,
gas mixture, the cell is .casoned with ~200 mTorr of I, for an hour (the 1, gas pressure
decreases substantially with time when put into a clean cell due to adsorption on the cell
walls).
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c. Results

(c.1) CO,(001) Antisymmetric Stretch Excitation

A typical time-resolved signal observed while monitoring a specific rotational state
of the 0001 antisymmetric stretching mode of CO, is shown in Figure 1. The observed
signal exhibits a detector-limited (~700 ns) fast rise corresponding to the direct excitation of
(302(00o 1,J) followed by slow decay due to diffusion of the excited CO, molecules out of
the diode laser beam path. To obtain the relative nascent rotational distribution of the 00%1
state of CO, shown in Figure 2, the fast rise amplitudes are normalized by the excimer and
diode laser powers and the fast rise amplitude of the “indicator’ line. It is clear from Figure
2 that an approximately room temperature (T=316 K) Boltzmann distribution fits the
observed rotational distribution well. The nascent transient linewidths of several
C0,(00°1,J) ~» C0,(002,)-1) transitions are measured following vibrational excitation.
The observed linewidths correspond to room temperature Doppler linewidths (Figure 3).

The dependence of the C02(00°l) transient absorption signals on excimer laser
power is determined by varying the amount of I, gas in a 30 cm glass cell placed in the
excimer beam path. The excimer laser power dependence of the C02(00°1) transient
absorption signal is found to be n=2.440.5 for excimer fluences from 2-20 mJ cm2, where
the fast risc amplitude is proportional to the excimer intensity to the nth power (Signal
proportional to I%). The ratio of the number of excited CO,(00%1) molecules to the number
of photons absorbed is determined from diode laser and excimer absorption measurements
and is found to be 3.8+1.1x10°2,

(c.2) CO, Symmetric Stretch and Bend Excitation

In addition to vibrational excitation of the antisymmetric stretching mode of CO,,
vibrational excitation is also observed for 10°0, 0290, 0220. “1090” and “02°0” are
respectively the upper level (1388 cm’!) and the lower(1285.5 cm™) levels of the Fermi
dyad. The 0220 vibrational state is a “pure” bending mode. Time-resolved signals observed
while monitoring specific rotational states of the 10%0, 0290, and 0220 vibrational modes of
CO, are shown in Figure 4. It is found that there is much more excitation into the “10%”
upper level than into the “0200” lower level. The relative excitation cross section between
the upper and lower Fermi mixed levels is determined to be 1t021000/1t620200=9i:4. This
is a very surprising result since the vibrational wavefunctions for these states are almost

identical due to the Fermi resonance. The excitation cross sections for 10°0 and 0220
relative to 00°1 are found to be TG 21000/11: o] ?000 1=0.7£0.3 and
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mlmzomczwol-o.sﬂu, respectively. The relative excitation cross section data for the
00°1, 10%, 02%, and 0270 vibrational states of CO,, as well as the v=1 vibrational state

of CO, are presented in Table L Preliminary measurements suggest that the rotational and
translational temperatures for all these vibrational states of CO, are ~300 K.

Figure 1: Changes in the absorpdon of the diod: laser probe beam are shown following
193 nm photolysis of I in a 1/10 mixture with CO; at a total pressure of 27.5 mTorr. The
diode laser monitors the 0001, J=13—0002 J=12 ro-vibrational transition of CO3 in the
upper trace. The diode laser is tuned off the absorption line in the lower race. Each trace
is 20 us full scale. The vertical axes are no; scaled relative to one another.
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e* + CO, »e” + CO,(00%1, J):
C0,(00°1) Rotational Distribution vs.
a T=316K Boltzmann Distribution
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Figure 2: The experimentally determined rotational population distribution of CO2(0001)
for a 1/10 mixture of I3 in CO> at a total sample pressure of 27.5 mTorr. The squares
represent the experimental data points. The solid line represents a 316K Boltzmann
distribution.
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Figure 3: Lineshape profiles for 0001 P(35) following excimer laser photolysis of I2. The
squares are experimental data: the curves are best fits to a Gaussian lineshape. The upper
trace shows the nascent lineshape, 700 ns after the excimer laser fires, before collisional
relaxation. The lower trace shows the lineshape 15 jisec after the excimer laser fires, after
~4 gas kinetic collisions. A total pressure of 27.5 mTorr of a 1/10 I5/CO7 mixture was

employed.
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Figure 4: Changes in the absorption of the diode laser probe beam are shown following
193 nm photolysis of Iy'in a 1/10 mixture with CO2 at a total sample pressure of 27.5
mTorr. The diode laser monitors the 1000 J=18—1001,J=17; 0200,J=18—0201.J=17;
and 0220.J=15—0221,J=14 ro-vibrational transitions of CO2. Each trace is 20 ps full
scale. The vertical scales are the same for the three traces.
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TABLE L Excitation of CO, and CO vibrational modes by electrons which
are produced from excimer laser photolysis of I,.

Vibrational Excitation P Probability
e™* +C0,(00%) — ¢ + 00,(00°1) 1

e™* + 00,(00°%) — ¢ + 00,(*10%0")(Upper)® 0.7
e™* + C0,(00%0) - ¢™ + CO,(“02%")(Lower)? 0.08
e +00,(00%) — ¢” + 00,(02%0) 0.3
¢ + CO(v=0) = ¢~ + CO(v=1) 1.1

3The “10%0” and *02°0” refer to the upper and lower Fermi mixed symmetric
stretch/overtone bend states.

(c.3) CO(v=1) Stretch Excitation
Transient absorption signals are also measured for 1/10 mixtures of 1,/CO. By

repe tedly switching back and forth between a CO, diode and CO diode, the cross section
for excitation of CO, 00°1 P(17) relative to CO v=1 P(16) is found to be 1.310.6.
Assvming that the rotational distributions and transient linewidths of CO(v=1) are room

temperature Boltzmann, the relative excitation cross section is found to be
0% 00,0001y O Co(wa1y=0-9£0.4. In addition, there is clear evidence that CO is being

produced in the cell from I/, mixtures; frequency-resolved diode laser absorption shows
that the CO v=0 P(22) absorption line increases with the number of excimer laser shots
fired into the sample cell.
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d Di .
Electron-CO, scattering appears to hold the most promise for explaining the above

experimental results. The negligible translational and rotational momentum transfer to CO,
during electron-CO, collisions can be explained as a result of the small mass of the

electron. The relative vibrational excitation cross sections are also consistent with an
electron excitation mechanism, though it may appear at first glance that the present relative
excitation cross section results are inconsistent with an electron scattering process. From a
simple perturbation argument, it is expected that electrons will collisionally excite the 00°1
antisymmetric stretching mode but not the 10% symmetric stretch/bend mode of CO,. The
fast electrons will weakly interact with CO,, and the vibrational excitation cross sections

will scale as the radiative oscillator strength.2! In other words, the fast electron appears to
the molecule to be a time dependent electric field. However, the cross sections for
vibrational excitation of 00,(00°1) and C0,(10%0), as well as CO(v=1), by low energy
electron scattering have been determined in electron energy loss experiments to be similar
(~1 A9 1213, 22,23 Tpyg the relative cross sections measured in this study are consistent
with an electron excitation mechanism. For electron kinetic energies below ~10 eV, the
molecular electrons can no longer be considered to be motionless during the interaction
time. 21> 24-25 At these low energies, the molecular electrons respond to the approaching
electron, creating an induced dipole. Furthermore, when resonances occur, the free
electron is temporarily bound on a timescale of the same order of magnitude as molecular
vibrations.2® Consequently, the electron scattering process cannot be considered a weak
interaction. The strong electron-molecule interaction may lead to a breaking of the Fermi
resonance and subsequent preferential excitation of the 100 upper level of the Fermi dyad.

At present, all our experimental evidence is in accord with an electron scattering
excitation mechanism; however, it is not possible at present to make quantitative
comparisons with previous electron-CO, studies because the eiectron velocity, number

density, and quenching mechanisms are not yet accurately known. Due to the uncertainties
in the 193 nm multiphoton ionization of I, and the complexity of the electron-CO,
interaction, further experimental evidence is required before it can be definitively stated that
the observed vibrational excitation is due to electron-CO, scattering. Experiments are
presently under way to determine the relative cross sections, transient linewidths, and
rotational profiles of various other modes of CO, (1':'.A.'---O.6¢:V)27 and CO (E.A.= -
1.3eV).2 In addition, other small polyatomic molecules can be probed such as CS,

(E.A.=~+0.7¢V)28 or OCS (E.A.~+0.5¢V)?8 in order to determine the dependence of the
vibrational excitation on the electron affinity. The production of electrons with well-defined
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kinetic energies, such as from ionization of cesium,29'3°

comparison with electron energy loss data.

A key and novel feature of these experiments is the resolution, 0.0003cm-! or
approximately 4X10-3 eV! This compares with standard electron scattering experiments
which have a typical energy resolution of about 80 cm"1 or 10 meV. The high resolution
is, of course, obtained by observing the molecular collision partner rather than the scattered
electron as is normal in most electron scattering experiments. Such studies can provide
fundamental insight into the mechanisms and processes which are important in plasma
etching reactors. Considerable interest in this technique has been exhibited by scientists
working on plasma etching diagnostics at the IBM East Fishkill facility.

This work was supported by the Joint Services Electronic Program, the National
Science Foundation and the Office of Naval Research.
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2. Chemical Dynamics of the Reaction Between Chlorine Atoms and
Deuterated Cyclohexane
(. F. Hershberger, J. M. Hossenlopp, Y. Lee, and G. W. Flynn)

a Introduction

Product energy disposal in chemical reactions has been widely studied both
experimentally and theoretically.! Modern laser spectroscopic techniques allow the
determination of both rotational and vibrational quantum states of nascent product
molecules, while molecular beam experiments provide information on angular and
translational energy distributions. Reactions of chlorine atoms have important applications
in atmospheric chemistry,23 in chemical etching of surfaces,? and in organic chemistry.5
We report here the spectroscopic observation of vibrationally and rotationally cold, but
translationally hot DC]1 molecules produced by the reaction of chlorine atoms with
deuterated cyclohexane.

b. Experimental

Theexpeﬁmengalmethodemploysanexcimerlaseraspump and an infrared diode
laser as probe. Details have been described previously.6.7 Briefly, chlorine atoms are
produced by excimer laser photolysis of S2Cl» precursor molecules:

S2Cl, + hv (248 nm) — Cl + other products 1)
This precursor produces a mixture of 78% ground state 2P3; and 22% excited state 2Py

Cl atoms3 with an average translational energy estimated to be approximately 9.2 kcal/mole
(0.4 ¢V).7 the chlorine atoms then react with CgDj2 to form DCI:

Cl + CgD12 ~ CgDq1 + DC1 )
The rate constant for the corresponding hydrogen atom reaction is 3.1 x 10-10 cm3-molec-1-
sec-! at room temperature.3 DCI products are probed by time-resolved infrared absorption
spectroscopy with a high resolution (~0.0003 cm-1) lead-salt tunable diode laser:

DCl(v,J,V) + hv (-4.9um) — DCl(v%1,J%1,V) 3)
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where v,J, and V are the vibrational quantum number, rotational quantum number, and
translational velocity, respectively. The excimer and diode laser light were made collinear
by a dichroic beamsplitter and passed through a 2-meter absorption cell containing 30 mtorr
of a flowing 1:1 mixture of S2Cl> and CgD12. Excimer laser repetition rates were kept low
(0.05-0.1 Hz) to allow product DCl molecules to be pumped out of the reaction cell
between laser shots. Transient changes in infrared absorption were measured by an InSb
detector, amplified, and signal averaged on a digital oscilloscope.6

¢  Resli

When the diode laser was tuned to a DC1 v=0 absorption line, large transient signals
were observed. At the low pressures used, the time between gas kinetic collisions is
roughly 3-3.5 usec, slower than the observed rise times of 1.5 psec, and much slower than
the detector response time of 700 nsec. Thus the observed transients are due to direct
production of nascent, unrelaxed DCI by reaction (2). Much smaller signals were observed
when probing DC1 v=1 lines, indicating that 90% of the products are formed in the

The signal amplitudes for different rotational levels of the vibrational ground state
were measured at t=700 nsec after the excimer pulse. These data were normalized by diode
laser power and relative transition matrix elements? to obtain the rotational distribution
shown in figure 1(a). The best fit to a Boltzmann distribution gives a temperature of
Trot=135°K. An average of several experimental runs provides the value Troi=156135
°K. In addition, transient Doppler lineshape profiles were measured by taking absorption
signals while the diode laser was slowly scanned over an absorption line. The lineshape is
shown in figure 1(b) for the v=0 P(2) line. The lineshape was well fitted to a Gaussian
profile with full width at half maximum (FWHM)=0.009210.001 cm-1, which corresponds
to a temperature of TTrans=1420+300 °K. An average of several runs provides the value
TTrans=12904300 °K. The linewidth for the v=0,P(5) line was found to be identical within
experimental error to that of v=0,P(2).
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Figure 1. a: Boltzmann plot of the nascent rotational distribution of DCI (v=0) produced by

reaction (2). The line is.a best fitto a rotational temperature of 135 °K. b: Nascent

Doppler lineshape of the DCl v=0 P(2) line. The solid line is a best fit to a Gaussian

lineshape. The fitted full width at half maximum (FWHM) is 0.0092 cm-!, which
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\ (FWHM=0.0042 cm'!) is shown for comparison as a dotted line.

- - - - - - - - - - — - \ - *
.

63




d.  Discussion

These results clearly represent nonstatistical partitioning of energy into rotationally
cold, but translationally hot DCl molecules. This reaction has an exothermicity of 7.9
kcal/mole, with an activation energy estimated at less than 0.5 kcal/mole by comparison
with the reaction of Cl1 with CsD1¢.10 The Cl atom reagent translational energy of 9.2
kcal/mole is easily enough to overcome the activation barrier. The energy available to the
reaction products is therefore roughly ET (Cl) - AH = 17.1 kcal/mole, neglecting CeD 12
internal energy and Cl atom spin-orbit energy. DCIl product rotation accounts for only a
fraction fg (DCl) = 0.02 of the available energy. The fraction in DCI translation is
fr (DCI) = 0.26, determined from the linewidth data. Momentum conservation allows a
rough estimate of fT(CgD11) = 0.10, leaving ff = 0.62 left for internal motion of CeD11
radical. The collision thus appears to be too short-lived to allow energy randomization of
internal and translational degrees of freedom. These results strongly suggest a direct
abstraction mechanism with a collinear C----D----Cl recoil geometry. The Cl atom does not
necessarily have to approach in a linear configuration; even with non-collinear approach, a
very small motion of the light D atom can produce a collinear transition state which then
rapidly falls apart. The departing DCI products move rapidly away with minimal torque
being exerted by the large cyclohexyl radical. Alignment effects such as this have been
predicted in trajectory calculations on simple systems.!l Furthermore, similarly cold
rotational distributions have been previously observed in hydrogen abstraction reactions of
O(3P) with hydrocarbons.12 A mechanism in which Cl inserts between C and D would be
expected to produce low rotational excitation in DCI even for a nonlinear C----D----Cl
geometry; however, such a mechanism is expected to have a high barrier and therefore to
be unimportant in the present study. If the collinear hypothesis is correct, a molecular
beam experiment should show predominantly backward scattering in the DCI product.

The observation of such a simple mechanism for a reaction between a large gas
phase molecule and an atom raises the question as to whether reactions between atoms and
thin film surface polymers might also exhibit similar behavior. Efforts to answer this and
other questions regarding the reactivity of Cl atoms are continuing in our laboratory.

This work was supported by the Joint Services Electronics Program, the National
Science Foundation , the Department of Energy, and the Office of Naval Research.
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3. Diode Laser Probe of Vibrational, Rotational, and Transiational Excitation of

CO; following Collisions with O('D): I. Inelastic Scattering

Lei Zhu, Thomas G. Kreutz, A. Scott Hewitt, and George W. Flynn
Department of Chemistry and Columbia Radiation Laboratory, Columbia University, New York, NY 10027

Time domain diode laser

ion specroscopy has been used to obtain detailed informartion about state-specific en-

ergy deposition in the vibrational, rottional, and transiational degrees of freedom of CO, following the 248 nm photolysis
of a low pressure mixture of CO; and ozone. Nascent rotational
low-lying CO, vibrational levels, including 0090, 0110, 0220, 0290, 0330, 1090, and 00°1. In addition, measurements of
CO; transiational excitation have been obtained for most of these ro-vibrational states. The results suggest that the ob-
served absorption signals arise only from T—VRT inelastic scattering between CO, and the transiationally hot O¢!D) and
O2('4) phowfragments rather than from E—sVRT electronic quenching of O(!D) to O(P) by collisions with CO,. New evi-
dence suggests that the latter process [O(!D) deactivation] deposits energy primarily into the CO, rotational and transla-
tional - no¢ vibrational - degrees of freedom. This finding has important implications about the nature of the electronic deac-
tivation process and the presence (or absence) of an intermediate CO5 complex.

. INTRODUCTION

The first electronically excited state of atomic oxygen,
O(!D), plays an important role as an intermediate in radiative
and photwchemical sysiems, in the chemisay of the earth's
stratosphere, and in the chemistry of planetary atmospheres.
Since this state is optically metastable (t,,4=140 s for the mag-
netic-dipole allowed transition !D — 3P at 630 nm!), O(!D) may
undergo many encounters with armospheric molecules before
relaxing radiatively o the ground state. Typicaily, the deacti-
vation of O(1D) w0 the ground electronic state O(P) by colli-
sions with atmospheric species is quite fast, requiring from 1-
10 gas kinetic collisions.2 As a result, molecular collisions are
expected (0 be the most important route for deactivation of
o(ID).

There have been a large number of studies of the quenching
of O(ID) by distomic and polyatomic molecules.>i2 The rate of
depletion of O(1D) atoms has been detected either by measuring
the weak O(!D) = O(3P) emission at 630 nm®%3 or by monitor-
ing the atomic absorption spectrum of the ground state oxygen
atom.35.9 However, very little is known about the specific vi-
brational states of the quencher molecuies into which the elec-
tronic energy of O(!D) is channeled during the deactivation pro-
cess. Such state specific informationr can provide insight into
the nature of the potential energy surfaces involved and the
mechanism of the quenching processes. Although theoretical
models of E—V transter have become quite sophisticated,!3-18
state specific experimental information which can be used to
test these theories is scarce and usually limited to diatomic
molecules. Polyatomic molecules, which have more than one
vibrational degree of freedom, can provide additional informa-
tion about these quenching processes and can therefore serve as
a more accurate lest of the theories used in describing these
phenomena.

The deactivation of O(!D) to O(3P) by collisions with CO,:

O(IDHCO(IE) — O(PHCOLID)® |
(where **° indicates CO, vibrational, rotational and transia-
tional excitation) is an important quenching process about
which relatively little is known. Numerous experimental in-
vestigations have shown that the quenching rate is extremeiy
fast, occurring in approximately 1-3 gas kinetic collisions.>5.6
The high efficiency of this spin forbidden deactivation process
has bsen attributed to the formation of an intermediate CO,
complex in the bound region of a singlet surface. If the config-
uration space sccessible to such a cor ~ x inciudes a region
where crossing 10 a triplet surface ca, .cur, multiple passes
through this region during the lifetime of tis complex should
sventually lead to a crossing to the triplet surface yielding
O(3P) and CO,.!* The most direct evidencs for the existence of a

ion distributions have been measured in a number of

COj3 complex in the quenching process comes from isotope ex-
change reactions of O(1D) with C0,.20-22 Fyrther evidence
comes from marrix isolation experiments in which an infrared
spectrum assigned to CO3 was observed following ultraviolet
photolysis of a solid CO, and O, mixmre.2223 Theoretical stud-
ies of the geometry and electronic structure of CO4 seem 1o fa-
vor a planar structure. with either C», or Dqy, geometry.2%-30 On
the other hand, there have been many studies which do not in-
voke a CO; intermediate.31-33 Clearly, further investigation is
necessary to understand the mechanism of this deactivation
orocess.

This work represents the first high resolution study of trans-
lationally, rotationally, and vibrationally state-specific energy
deposition in the CO, molecule following collisional quench-
ing of O(1D). We report nascent rotational distributions for a
number of low-lying vibrational leveis (0000, 0110, 0220,
0290, 0330. 1000, and 0001) as weil as measurements of CO,
transjational excitation in each of these ro-vibrational states.
The basic experimental approach is described in the following
equations.

O3+hv(248 nm) — Ox(!ARO(1D)
O('D)+CO, — OCPICOLmnlp, /)
COy(mnlp, N+AN(~4.3 pm) — COa(mnip+1, J=1).

O('D) atoms are produced in a mixwre of O and CO, by the ex-
cimer laser photolysis of Oy at 248 nm. The O(I1D) atoms are
collisionaily quenched by CO, o produce ro-vibrauonaily ex-
cited COy(mnip.J), where m, n. and p are (respectively) the
quantum numbers for the symmerric swretching (vy). bending
(v7). and antisymmetric stretching (v4) vibrational modes: /
and { denote respectively the rotational and vibrational angular
momentum quantum numbers. A high resolution. cw diode laser
is used to probe specific ro-vibrational states of CO» molecules
*ia absorption in the strongly allowed v4 band. Due 0 the an-
harmonicities in CO; and the high resolution (~0.0003 cm-!) of
the diode laser, the [R absorption lines are easily resolved.
Virtually all low lying ro-vibrational sistes of CO, can be
probed using this method. In addition. the sub-Doppler resolu-
tion of the diode laser can be used to obtain the tansient
(nascent) absorption line profile, thus providing information
about translational excitation in the CO; molecules.

Energy can be deposited into the internal degrees of freedom
of CO; via two separate mechanisms, 1) electronic quenching
(chemical and/or physical) of the O(!D) w0 O(3P), labelled here
as the "E—VRT" process:

CO, +O(!D) = COy(mnlp ] V)}+O(3P) (E-VRT)

and 2] inelastic scattering between CO, and the transiationaily
excited photofragments, i.e. “T— VRT" excitation:

*Muoq-h'-hﬂ-d-.n--hudh
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C0O2+0*(1D) — COx(mnlp:/.V)+O('D) (T-VRT)
COx+02*(14) = COx(mnlp:J V)+04(14) (T-VRT)

where °‘*’ indicates translational excitation. In the first
(E—VRT) process, the 1.97 eV electronic energy is available to
the internal degrees of freedom of CO4. In the second process,
plmod:mcxmouptovxduleVofmhnondmgytome
O and O, fragments (split 67% snd 33% respectively), which is
available for T VRT excitation of CO,. In addition to the two'
excitation processes above, Valentini ef a/.36 and Sparks et
al.37 have shown that in the photodissociation of O, at 266 nm,
approximately 40% of the Ox(1A) fragmex:ts are produced with
vibrational excitation, suggesting the potential for vibration-
to-vibration (V—V) energy transfer from O,(1A)* to CO,. The
3 &V total energy available to CO, is enough to excite, for ex-
ample, 10 vy or 36 v, vibrational quanta, but is insufficient to
promote CO, into sn electronically excited level. The reactive
chamel producing O,+CO accounts for less than 0.2% of all
collisions.?4.35 Both the E- VRT and T VRT processes are
energetic and fast, requiring only a few gas kinetic collisions.
As a result of their similar time scales, their effects are hard to

separate experimentally. One method used here to selectively
1denufy the effects of the T—»VRT channel involves measuring
nucmtpopulmmmdhnewxdthsualowgumwmof
223 K, which significantly alters the initial rotational and vi-
brational state populations of CO,. Thulxoeedureuhkelyto
perturd the outcome of T— VRT inelastic scattering, but is not
expected to have a significant effect upon a highly energetic
and- strongly coupled process like electronic quenching of
o(D).

H. EXPERIMENTAL

The excimer laser photolysis/diode laser probe double reso-
nance spparatus has been described in detail elsewhere33-42 snd
will be outlined here only briefly. An excimer laser operating
at 248 nm provides a ~50 mJ photolysis pulse which is directed
through a 3 m long sample cell containing & flowing mixture of
O3 and COy. The cw infrared radiation (at ~ 4.3 um) from a un-
able diode laser is propagated through the samplec cell
collinearly with the photolysis beam. During the course of a
typica experiment, the frequency of the diode laser is locked to
the cener of a particular CO, absorption line. Temporal
changes in the transmitted intensity of the IR probe beam after
the photolysis pulse are detected with a cooled (77 K) InSb de-
tector. The time-domain signals are digitized and averaged on a
Lecroy 9400 digital oscilloscope and analyzed on sn IBM PS/2
microcomputer.

In addition to room temperature measurements, the experi-
ment was also repeated at low temperatures to alter the initial
rotational and vibrational Boltzmann distributions of the CO,.
In these experiments, the gas mixture flows through a 3 m long
pyrex cell which is cooled by circulating chilled methanol
through an outer jacket. The temperature of the cell wall is
maintained at 723 K, as determined by an iron-constantan
thermocouple a.... verified spectroscopically.42 In low pressure
experiments (e.g. 50 mTorr total preum). the sample pressure
was determined lpecnmcoplcally in order to avoid systematic
errors and those arising from thermal transpiration effects 4142

The gas manifold, gas handling apparatus and sample cell
were made of pyrex with flexible stainless steel tubing and fit-
tinu (Csjon Ultratorr). Only glass or teflon stopcocks with
viton O-rings were used, and halocarbon grease was employed
throughout. Ozone was produced by passing dry O, through a
commercial “ozonizer” and collected on silica gel beads in a
cold uwrap which was immersed in a mixture of dry ice and ace-
tone. Before preparing gas samples, the cold trap was pumped
on extensively to remove residual oxygen. The ozone was then

Excitation of CO, by O('D)

0, CO atit P, ,z50 mTorr 20 .sec full scale

60°0— 001 R(60) 01'0-01"1 A(e)

0220~ 0221 R(® 0220-0221 R(IN
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Fig. 1. Time-domain diode laser abeorption signals comresponding 10 ro-vibr-
tonal excitation of CO; following the 248 rm phosalysia of ozons in & 1:1 mixture
of CO2:03. Full horinantal soale equals 20 us. The fast rise in signal amplitnde is
Mw&ummmmmuufowbnmnoﬂy
varying compaonent which to sabsequent rotational relaxation. The lack
of & fast ise in the 0001 R(37) signal indicates a lack of promyt excitation in
the 0001 lovel; the negative signal in the 0220—0221 R(3) signal corresponds to de-
plation of ambiont populstion frem 0220;/=8 dus to the excitation process. The
mm“nmmwmnnwmdso
mTorr.

transferred from the trap to a ‘seasoned’, light-tight storage
bulb which was kept refrigerated when not in use. The O; con-
centration at room temperature was routinely determined in the
cell by means of diode laser absorption measurements of the
000,182,165 —101,19; ;7 IR transition of O3. Typical samples
were about 70% Oj; the remainder of the sample was assumed to
be Oy. Later in this paper, mixtures cited as *“1/1 COy/O3" are in
fact 1/1 mixtures of CO, and this O3/O, combination, i.e.
1/0.7/0.3 CO,/04/0;. All gas mixtures were prepared in gas
bulbs prior to performing the experiments. The CO, (Mataeson
“bone-dry” grade) was purified by two freeze-pump-thaw cycles

before use.

il. RESULTS

The ‘direct probing’ technique employed here provides the
nascent CO; ro-vibrational population distributions by directly
measuring the time dependent IR absorption (following the ex-
cimer laser pulse) in a low pressure (< 50 mTorr) mixwre of CO,
and O3. A typical time domain absorption signal for a given ro-
vibrational level (e.g. Fig. 1) exhibits a fast rise which corre-
sponds to the initial excitation process. This prompt feature is
followed by a more slowly varying component resulting from
subsequent collisional relaxation and diffusion from the beam
path. The amplitude of the fast component corresponds to the
collisionally irHuced population change in the ro-vibrational
state because t... rise time is fast compared to the time scale for
collisional relaxation of the CO, translational and rotational
degrees of freedom (~4 us at 25 mTorr). The population change
can be roughly estimated by measuring the size of the signal at
time (=700 ns (the rise time of the IR detector), or more pre-
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cisely, by fitting the whole signal to a simple model contain-
ing mmltiple exponential decays (and/or rises) and extracting
the amplitude at 1=0.41 When normalized for the J-dependent
transient absorption line widths (see the following paragraph),
the fitted amplitudes provide a detailed map of ro-vibrational
state-specific energy deposition in CO, during this process.

Translational excitation of the nascent CO, molecules in
any given ro-vibrational state is obtained by measuring the
size of the absorption signal at a number of frequencies sur-
rounding the absorption line center. It was found that the
nascent sbsorption line shapes (at any given time after the ex-
cimer laser puise) can be well fit to a Gaussian function, reflect-
ing a Doppler-broadened, isotropic distribution of excited CO;
molecules. The relative insensitivity of the apparatus to polar-
ization effects (and the associated non-Doppler absorption pro-
files) is largely due to the fact that the experiment does not
probe the photofragments, but rather the CO; quencher
molecules which must suffer random collisions with the
photofragments in order to become excited. In addition, the
collinesr geometry of the pump/probe beams and the random
polarization of the excimer laser further inhibit the observation
of polarization effects.4> The width of the fitted Doppler pro-
file, measured as a function of time after the excimer laser pulse,
provides a measure of the translational temperature of the ex-
cited CO, molecules. A typical transient absorption signal is
shown in Fig. 2.
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Fig. 3. Rotational state dependencs of the nascent CO- population produced in the
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for the 0110 snd 0220 states given in Figs. 4-6.

A. Excitation in the Ground Vibrational State

Time resolved absorption signals were obtained for excita-
tion of the ground vibrational state (0090) of CO, from J=60 to
J=94. Obtaining signals at low rotational levels in the ground
state is experimentally difficult because of strong absorption of
the diode laser beam by ambient CO, molecules in the cell. A
typical time-resolved absorption signal for a high rotational
level in 0090 is shown in Fig. 1. Such data was obtained at
room temperature (294 K) using a 1/1 mixture of O3/CO, at a to-
tal pressure of 25 mTorr. The observed signal exhibits a
prompt, detector-limited rise (~ 700 ns), followed by a decay
due to rotational relaxation and diffusion of high velocity O(1D)
atoms from the diode beam. The frequency domain signal
(taken at £=700 ns) is shown in Fig. 2a along with the room
temperature Doppler profile. Note that the fitted width of the
nascent absorption line is 0.0093 cm-! (FWHM), approxi-
mately 2.2 times larger than the room temperature Doppler
width of 0.00424 cm-l. This corresponds to a translational
temperature of ~1320 K, and is in close accord with the predic-
tions of a simple ‘billiard ball’ model for collisions between
translationally hot ozone photofragments and CO, (see Sec.
IV).44-46 The transient line widths in the ground state, shown in
Fig. 2b, are substantially larger than those measured in other
vibrational states, and are seen to increase rapidly with increas-
ing final rotational level, J. As discussed in more detail the
next section, this features may be signatures of significant CO,
translational and rotational excitation from the electronic
quenching process. The nascent rotational distribution in the
ground state, normalized for both laser intensity and transient
line widths, is given in Fig. 3; note the monotonic decay of
CO, excitation as J increases.

B. Excitation in the Antisymmetric Stretching (v3) Vibrational
Mode

Transient absorption signals for the 0001 vibrational level
of CO, are shown in Fig. 1. In contrast 1o the ground state (and
other vibrational states; see Fig. 1), these strong signals rise
only slowly, on a time scale of ~15-25 gas kinetic collisions.
This suggests that 0001 is not directly produced, either by elec-
tronic quenching of O(1D) or by collisional excitation, but
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rather through some intermediate species. For example, the
slow rising 0001 signal may be due to non-resonant V-V energy
transfer to ground state CO, from either highly vibrationally
excited CO(nmip) or vibrationally excited O,(tA). Finally, we
note that no observable signals, either prompt or otherwise,
have besn observed in the 0092 state.

C. Excitation in the Bending (v,) Vibrational Mode

Typical traces depicting time dependent changes in popula-
tion of the CO, bending levels, 0110 and 0220, following the
excimer laser pulse are shown in Fig. 1. These signals were
acquired using a 1/1 O3/CO, mixture at a total pressure of S0
mTorr. Like the ground state (but unlike 0001), these states ex-
hibit a prompt change in absorption, which decays back to the
baseline on a longer time scale. Transient line widths for all of
these states are quite similar (ses Fig. 2b) and have a weak de-

upon the final rotational level. As in the ground
state, the line widths are roughly twice as large as the room
temperature Doppler line width, and are also in close accord
with the ‘billiard ball’ collision model (see Sec. IV).

Nascent rotational population distributions for the 010 and
0220 states are given in Figs. 4 and §; the 0330 signals are not
of sufficient size to obtain a full rotational distribution. Like
the ground stats, the 0110 rotational distribution is incomplete
because of strong absorption by ambient CO, population in the
low lying rotational levels. Its most significant feature is the
obvious altemation of intensity depending upon whether the
final rotational stats, J, is even or odd (see Fig. 4). Such an ef-
fact has been predicted by Clary and Alexander4’ in a theoretical
investigation of ro-vibrational excitation of CO; (0110) by
collisions with low energy helium atoms, and has been ob-
served experimentally in our laboratory4$.4? during the colli-
sional sxcitation of 0110 and 01!1 by translationally hot hy-
drogen stoms. This oscillation may provide information about
the competing effects of vibrationally inelastic scattering from
0090 to 0110 versus pure rotationally inelastic scattering
within 0110 (ses Sec. IV).
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The Effect of Excess Neon
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The 0220 distribution is unique in that it is essentially com-
plete, containing both negative signals at low J caused by de-
plation from low rotational levels and positive signals at high
J which show a pesk near J=37. As described more fully in the
next section, these negativs signals are believed to be caused
by pure rotational scattering within the 0220 swte from colli-
sions between CO, and the translationally hot photoproducts.
This would cause population from the most heavily populated,
low lying rotationsl levels to be scattered into the higher rota-
tional states: -

COx(0220. " +O*(1D) — COx(0220:,7+0('D) ,
producing negative signals at low J and positive signals at
high J. With this interpretation in mind, we hav. also obtained
a nascent 0220 ion distribution at a substantially lower
gas temperature of 223 K, at which the 0110 population is re-
duced by a factor of three and the 0220 population is decreased
by a factor of nine. This serves o reduce the contribution from
both vibrationally and rotationally inelastic scattering. The
223 K 0220 distribution, shown in Fig. 6a, exhibits no nega-
tive signals, suggesting that the negative signals are due to
pure rotational scattering among the 0220 rotational levels.

D. Excitation in the Symmetric Stretching (v;) Vibrational
Mode ‘

Similar experiments to those performed on the rotational
levels of the 0220 vibrational stats were also carried out on the
nesrly isoenergetic leveis, 1090 and 0200. Both time and fre-
quency domain sbsorption signals (using a 1/1 mixture of Oy in
CO, at & wtal pressure of 50 mTorr) were found to be qualita-
tively similar to the 0220 signals shown in Figs. | and 2. The
1000 rotational distribution was also found to be essentially
identical (within experimental error) to that shown in Fig. 5 for
the 0220 level.

E. The Effect of Adding Excess Neon

Excess neon gas (x100) was acded to the COy/O4 sample in
ovder to reduce the importance of T—VRT collisional energy
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transfer in the observed signals. Since neon does not quench
O(ID) at an appreciable rate (< 10-17 cm3 molecule-! sec-1),2 its
only effect is to absorb the translational energy of the
photofragments and to promote fast collisional relaxation
among the CO, rotational and translational degrees of freedom.
At a total pressure of ~ 5 Torr (the partial pressure of the CO4/04
mixture was kept at 50 mTorr), the nascent rotational popula-
tions within each CO, vibrational state are completely relaxed
within the 700 ns rise time of the IR detector, and thus any ob-
served time dependence corresponds to population changes
within the given vibrational level. As shown in Fig. 7, the
previously observed ‘prompt’ signals essentially disappear in
the presence of excess neon (compare with Fig. 1). Instead, the
signals exhibit a much smaller prompt rise from the slight rota-
tional/translational temperature ‘jump’ following the excimer
pulse (whose size is proportional to the ambient vibrational
state population), followed by a siowly changing component
whose time scale nds to the known room temperature
CO,+0(1D) quenching rate.2 As will be discussed in the next
section, this strongly suggests that the prompt signals seen in
Fig. 1 are due solely to T— VRT collisional excitation, not
electronic quenching of O(!D) by CO,.

IV. DISCUSSION

Energy can be deposited into the internal degrees of freedom
of CO, via two mechanisms, 1) E—»VRT electronic
quenching of O(1D), and 2) T VRT inelastic energy transfer
from the photoproducts. Both processes are relatively fast, and
both deposit substantial amounts of energy into the CO, bath
molecules. Nevertheless, the data obtained so far indicates that
the “prompt™ signals and the nascent populations presented in
the previous section are due only to inelastc scattering be-
tween the transiationally hot photofragments and CO,, not
from the electronic quenching process. This implication is
supported by five different experimental findings: 1) the rela-
tively narrow transient line widths measured for all states ex-
cept the ground state, 2) the oscillation in the magnitudes of
the odd/even nascent 0110 rotational populations, 3) the large
amounts of rotational scattering in 0220, 4) the lack of prompt
signals when excess neon is added to the system, and S) the re-
sults of ‘harvesting’ experiments which suggest little deposi-
tion of energy into the vibrational degrees of freedom of CO,.
We examine items 1-4 in detail below; the fifth will be dis-
cussed briefly below and more completely in a forthcoming pa-
per.50
A. Transient Line Widths

The transient absorption line shapes were measured for the
majority of the ro-vibrational levels which were probed in this
investigation. Despite the enormous energy available in the
system (1 eV translational+2 eV electronic), the line widths are
fairly narrow for vibrational levels other than the ground state,
only ~2 times the room temperature Doppler line width (see
Fig. 2b). This level of excitation corresponds to a transla-
tional ‘temperature’ of ~1200 K, i.e. only ~830 cm"! of trans-
lational energy per CO, molecule. It is instructive to compare
the experimentally measured line width with that predicted by a
simple ‘billiard ball’ calculation for collisional energy transfer
during elastic collisions between hard spheres which have the
same mass as CO,;, O, and O;. Assuming that the the
photofragments collide with CO, molecules which are initially
at rest, the average CO, energy (averaged over all angles of ap-
proach) is simply given by:44-46
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whereé . the initial laboratory frame translational energy of




the O atom (or Oy),
energy, and p=11.733 amn is the
excitation of CO, (0220) by collisionsEyith

Q0

is the final lab frame CO, translational
system reduced mass. For
both O and O,
photofragments, Eq. (1) gives values for of 1580 and 660
m—lmdy(ammmﬁxnmbm?dmewucnrlof
unsvailable 0220 vibrational energy from Eg). The average of
thess two values, 1120 cm-l, leads to a predicted line width
which is amost exactly equal to the measured value. This sug-
gosts that either 1) the E-VRT process coincidentally produces
the same amount of CO, translational excitation as simple
inelastic scattering, or 2) the experimental data in the upper
vibrational stases simply does not reflect the results of the
slectronic quenching process. While such a coincidence is
cegtainly possible, the arguments which follow maks it appear
unlikely. Nots finally that the transient line widths for
rotational levels between J=60 and J=80 in the ground vi-
beational state of CO; are significantly larger (see Fig. 2b) than
those seen in the vibrationally excited level; in sddition, they
are increasing rapidly as & function of J. As will be discussed
below, this may ... .. that the electronic quenching process
provides substantia] translational and rotational but lizzle CO,
vibrational excitation. ‘

B. Odd/Even Oscillation in 0110

Alternations in the magnitude of the cross sections for scat-
tering from the ground vibrational state (0000) of CO, into the
odd versus even rotational states of the first bending vibra-
tional stats (01!0) have been both predicted by Clary and
in H-COy, collisions.48 This effect arises during the symmetry
" breaking: which socompenies the 0000—0110 transition. As in
He-H; scatsring 3! the linesr. symmetric CO, ground vibra-
tional state allows only AJ=even rotational tramsitions due to
seisction rules in the rotationsl coupling matrix elements.
Furthermore, the ground siste is missing all odd rotational
levels as & result of nuclear spin statistics, whereas the bent
0110 state has botk sven and odd rotational levels. As a result,
ons expects & marked propensity for scattering into a single
manifold of rotstionsl levels in 0110 (either odd or even, de-
pending upon the symmetry of the vibrational wavefunctions)
during the vibrationally inelastic transition. In fact, it is the
odd rotations] levels in 0110 which are populated most heavily
(ses Fig. 4 and ref, 44).

While oscillations in the nascent 0110 rotational popula-
tions are well known for collisions! energy transfer, such a
phenomens has not, to the best of our knowledge, been de-
scribed for slectronic quenching processes. Becauss of the sub-
stantial isotopic scrambling which has been observed in this
system, both in our laboratory and by other researchers,?0 i.e.

c* O+ l‘O(ll)) - 69%[(.'“ 0'%0+ l'O(’l’)] +3I'X{C“ O, + x‘O(’ P)]

the electronic quenching process is thought to proceed through
a OOy collision complex which dissociates statistically into
CO2+0. Bending excitation produced by such a mechanism is
not likely to favor a single manifold of rotational levels, un-
less such an excitation occurs in the exit channel via a (half-
Jeollision-like interaction between ground state CO, and the
departing oxygen stom. Rather, it is more likely that the high
energy slectronic quenching process, which may involve the
dissocistion of a highly bent CO; complex, would populate
bath even and odd rotational lsvels with equal probability.

If the even/odd oscillation observed in 0110 is interpreted
solely in terms of inslastic scattering, the experimentally mea-
sured nascent populstions shown in Fig. 4 can be used to pro-
vide an estimats of the relative importance of vibrationally
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inelastic scattering from the ground state versus pure rotational
scattering within the 0110 level. Such information is useful for
interpreting temperature dependent measurements in the 0220
level discussed below and may be obtained in the following
manner. First, we consider the effect that pure rotational scat-
tering within 0110 has upon the measured 0110 population dis-
tribution. At 223 K, ~2.7% of all CO, molecules are found in
the 0110 state. The number of populated rotational levels is
sufficiently large (~60) that the population in any two adjacent
even and odd rotational states is roughly equal. It follows that
pure rotational scattering within the 0110 state, regardless of
any propensities which might exist, produces equal numbers of
molecules in odd and even rotational states. In other words,
pure rotational scattering does not produce oscillations in the
nascent populations, and thus the excess ion observed
in the odd rotational levels of 0110 at 223 K(see Fig. 4) are
probably caused by vibrationally inelastic scattering from the
ground state. Note that the excess molecules found in the odd
rotational levels are quite a large fraction of the total nascent
0110 population.

Although the detailed propensity rules for scattering from
0090 into even versus odd rotational levels of 0110 are complex
and depend upon the initial rotational state,47 the overall be-
havior of the system may be described in simpler terms. Model
calculationsS2 indicate that, in the absence of even/odd propen-
sities, state-to-state ro-vibrational scattering cross sections
from 0000 to 0110 are quite similar to cross sections for pure ro-
tational scatering within 0110 except for their absolute magni-
tude. In other words, the ro-vibrationally inelastic cross sec-
tions sppear to be'dynamically separable’ into cross sections
for pure rotational scattering times & simple multiplicative fac-
tor to account for vibrational inelasticity. As a result, we can
ascertain the ‘relative .importance’ of these two scattering
channels if their ‘results’ (i.e. nascent populations) can be sep-
arately compared. Fornmately, the even/odd scattering propen-
sities and oscillating nascent populations in 01!0 provide such
an opportunity. The relative importance of rotational versus
vibrational scattering can be roughly determined by comparing
nascent populations into gjacent (even and odd) rota-
tional levels in 0110, N and Ny, for high values of J (as
described below). In these high rotational levels, the ambient
population is sufficiently smail that depletion due to pure
rotational scattering may be neglected, and as a result, the
observed nascent population increase represents positive
contributions from both routationally and vibrationally
inelastic scattering. This may be written:

Nrm = N 4N @)

Nioaia = N™+ N . A3)

where N":bis the contgibut >n from pure rotational scattering,
while N pjuqen 800 N 400 are the vibrationally inelastic
contributions from the ground state. Assuming temporarily
that @il of the vibrational scattering ends, yp in the odd
rotational levels of 0110, i.e. N g/ugn =0 and N Almodd+ then

0o
N = N @

and
00
N = Nt i - (5)
In this limit, (Vo NVyeaven) 801 N oy en are. respectively.,
separate measures of contributions from vibrationallv inelastic
and pure rotational energy transfer. We explicitly express the
ratio of these quantities, R, as
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From the measured nascent 0110 rotational distribution shown
in Fig. 4, an experimental value for R is found to be ~1/3, indi-
cating vibrational scattering is an important channel relative
1o pure rotational scattering, and accounts for a significant frac-
tion of the observed nascent populations. This is the most
cmmmmmmdmanbem:d&xfnbrmmlm
ing populates even levels of 0110 as well as the odd levels
(conm to the simplifying assumption above), then vibra-
tional excitation plays an even larger role in the observed sig-
nals!
C. Rotational Excitation in 0220
In a similar fashion, the room temperature 0220 distribution
shown in Fig. 5 can be interpreted as being composed of pure
rotational scattering within the 0220 level and vibrationally
inelastic scattering from 0110. The importance of the 0220 dis-
tribution is that it is essentially complete, including both posi-
tive values at high rotational levels as well as negative values
at low J which correspond to scattering ous of these states. It is
that significant scattering into 0220 arises from the
ground state of COy; simple S.S.H. calculations indicate that
such cross sections are smaller by more than three orders of
magnitde than those for scattering from 0110.53-55 Because
ths 011050220 energy gap is roughly equal to the 0000—0110
mnm“hmﬂmdvi&mﬂywﬂum
scattacing refative to pure rotational in the 0220 dis-
tribution is roughly twice that seen in the 0110 distribution.
This is due to the existence of both even and odd rotational
W 011q s with only even levels in 0090 (i.c.
Nﬁ Evidence for the domination of
vibramﬂmgw«mmﬂmmgucluﬂym
in the 223 K 0220 disribution shown in Fig. 6a where no
negative. (i.e. rotationally inelastic) signals can be observed!
Note finally that if the 223 K distribution, which represents as
much as possi Jle the puze vibrationally inelastic scattering dis-
tribution, is subtracted from the room temperature dis-
tribution,56 we obtain in Fig. 6b what appears to be & disiri-
bution for pure rotationally inelastic scattering; the negative
and positive populations are of almost exactly the same size.
Such a procedure is not swictly valid because of uncertainties in
the relstive magnitudes of the two distributions, but it clearly
demonstrates how the two separale scattering processes can
combins to yield the observed distribution. The presence of
significant negative signals, along with the substantial tem-
peratre of the nascent 0220 distribution, also argue
for 3 T->VRT inelastic scattering mechanism rather than for an
E—VRT electronic quenching process.
D. The Effect of Excess Neon
As'lnplomddindtuttodaamimtheoﬁginofﬂ\efut
signals observed in the present experiments was made by
adding a large (x100) excess of neon buffer gas to the system.
Numerous studies have shown that neon is an extremely poor
quencher of O(1D), requiring more than 106 Ne-O(1D) collisions
to occur. Thus, prompt CO; signals should continue to be evi-
dent in the presence of excess neon if the previously observed
signals sre caused by electronic quenching. If these signals are
due to collisional energy transfer, they should disappear be-
csuse the many intervening Ne-O(1D) collisions which absorb
the translational energy of the photoproducts. The effect of
neon is threefold: 1) it slows down the velocity of the O(!D)
stoms (snd thus reduces the quenching rate) by a factor of four,
2) it brings the CO; molecules intc wranslational, rotational and
pertial vibrational equilibrium before the signal can be mea-

sured, and 3) it vastly slows the rate of diffusion of the O(1D)
atoms from the beam path. If the prompt signals shown in the
last section were caused by the E— VRT process, their size
would be diminished (on average) by a factor of four, and the
observed nascent rotational population distributions would all
exhibit a well defined Boltzmann rotational temperature.
Instead, the prompt signals are greatly suppressed, leaving
only a small portion due to the temperature jump which accom-
panies the photolysis pulse. In place of the large prompt sig-
nals are only slowly varying CO, signals whose time scales
closely to the room temperature quenching rate of
O(1D). The combination of a slowly falling signal in the
ground state (i.e. depletion of 0090 population) with the siowly
rising signals in 0110, 0220, and 1000, would appear to indicate
vibrational excitation during the electronic quenching process.
Nevertheless, quantitative measurements of such data show that
vibrational excitation is quite small relative to excitation in
the rotational and translational degrees of freedom. In fact,
separate time resolved studiesS0 show that the translational and
rotationsl temperature increase dramatically with time, indicat-
ing strong dumping of energy into the rotational/transiational
degrees of freedom due to an as-yet-undetermined mechanism.
This result suggests that the prompt signals shown in Fig. 1 are
due predominantly o T-VRT inelastic energy transfer from the
translationally hot photoproducts to CO, instead of the
E—VRT electronic quenching process.
E. ‘Harvesting' Results and Implications

The total amount of CO, vibrational energy for this system
has recently been measured in a set of preliminary ‘harvesting’
experiments. I this technique, excess CO; as added to the
sample in order to ‘promote fast, nesr-resonant V-V energy
transfer collisions which efficiently ‘harvest’ all of the CO; vi-
brational energy down into the low-lying vibrational energy
levels where it is conveniently measured. These preliminary

" experiments, which will be the subject of a separate publica-

72

- of the 2 eV contained in the O(!D) -

tion,30 indicate that the electronic quenching process yields
very little CO, vibrational excitation (<500 cm-! per molecule)
in this system. If this finding is correct, then the vast majority
as well as its additional 2/3
eV translational energy - must be partitioned between CO,
translation and rotation during the E-VRT process. By invok-
ing conservation of energy and angular momentum, and assum-
ing that no energy is left as CO, vibration, it can be shown$2
that a COy complex with an initial internal energy of E=2 eV
will dissociate into CO,+O(3P) fragments which have a final
relative translational energy E’ given by

1
2
I

M
where /=43.1 amu A2 is the moment of inertia of the CO,
molecule and b, is the ‘effective impact parameter’ or moment
arm of the half collision. The final CO; rotational and labora-
tory frame transiational energy are given by:

’ cnz 8
( )

The size of b, in Eq. (7) clesrly governs how much of the initial
2 eV internal energy will be partitioned into relative transla-
tional energy; the remainder is converted into CO» rotation.
Without knowing details of the interaction potential, it is diffi-
cult to obtain a precise value for b,. Nonetheless, from the size
of the CO, molecule and probable values for the position and
angle of the oxygen atom “push-off™, it is likely that b, ranges
from 0.7-1.4 A. Although the majority of the energy is carried
away by the oxygen atom, a substantial amount remains in CO,
translation and rotation. The span of probable b, values leads

E = E[l .
I




Cg,smmallmnmd energies which range from 3980
cm-1/956 cmxl to 2760 cm-1/5530 em-t.

The primary consequence of the energy partitioning calcula-
mmndnbovesthuthcobwvedlmewmhsﬁomd\e
“prompt” signals are much o small to be due to the electronic
quenching process. 'l'hnprocmalouslwuldpmvzchOOO-
4000 car! per CO; molecule; in addition, an extra 1500 cm-!
per molecule is expected from the collisional recoil. These es-
timates suggest that the transient line widths associsted with
the electronic quenching process should be ~4 times greater
and twice as large as that measured in

sbsorption lines which would indicate the electronic quenching
peocess, but have been unsuccessful o date. This may be due o
. number of causas. Fiut.llnmwedabmpmlmnmddl

WW(ulmm)umdhrmmnmuwd
with collisional excitation. Second, while translational and ro-
Memmtyp:allymmonlynsmgleguhnenc
collision, the electronic process - albeit fast - re-
quires ~3 gas kinetic collisions at room temperature. However,
the 1ate for this process has a negative temperature coefficient,
suggesting that the electronic quenching rate of transiationaily
excited O(1D) asoms (via 248 am photolysis of O4) by CO, is
slower than the room temperature rate’by as much as sn order of
 magnimde? These factors may combine to substantislly de-
cresse our sbility to observe the E-VRT quenching process di-
MnbmdmﬁmT—»VRTcoﬂmdem

Auimpomhmrvhwhmﬁhuowahhtywlocm

- signals corresponding to the electronic quenching process is
 uncertainty sbout which CO, states © probe. Several contradic-

- primary vityational levels populated sre CO; (Omp), where m
ranges from 3-6 and p from 2-3. Similar work by BarkerS$
using 308 nm excimer radistion) suggests that p may be as
In mﬂnume.dwdelualboxcn.
* studies in our lsb indicate litde or
excitation! Instead, these latter measure-
ments suggest that high rotational and transiational excitation
is prosent in the CO, ground state and first bending level. The
energy paritioning calculations presented above indicate that
dinoannonofamcogmad:mwouldywm 1000-
5500 cr! in rotstional energy, i.e. 50-120 A In addi“ion, the
complsx may already have as much as Lauvd ~ 75 A from the
inal O+CO, associative collision. Thus, we might expect
to observe a nascent distribution in the ground state which is
bimodal, with relatively narrow transient lines at low J (/=0-
80) dus T— RT collisional energ” .ansfer, and broad
absorption lines at extremely high iuwational levels (J=50-
200) from the E~»RT electronic quenching process. The
unusually large transient line widths measured in high
rotational levels of the ground state (ses Fig. 2b) may be
evidence of such a bimodal distribution.
V. CONCLUSION
Tims-domain diode laser absorption spectroscopy has been
used 10 measure state specific energy disposal in the transla-
tional, rotational, and vibrational degrees of freedom of CO,
following the 248 nm excimer photolysis of a low pressure
mixture of CO, and ozons. Although prompt excitation is
found in many ro-vibrational levels, & large body of evidence
suggests that these signals are dus only to T-»VRT inelastic
ing betweent the translationally hot photoproducts and
not from the E-+VRT o. tronic deactivation of O(1D) by
CO;. Although this process is though to involve a highly bent

%
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(Dy or Cy,) CO; intermediate, recent experimentsS? indicate
that little of the 2 eV electronic energy is deposited in the vi-
brational degrees of freedom of CO,. Instead, the vast majority
of this energy appears in CO, rotation and translation. Thus,
except for the observation of unusually large transient line
widths in high rotational levels of the ground state, there ap-
pears to be no evidence (as yet) of direct energy deposition
from this fast, energetic quenching process. Explanations for
the apparent sbsence of these signals include: 1) the E-VRT
process is obscured by the large T—VRT inelastic scattering
signals, 2) the quenching rate is much smaller than expected
because of the high velocity of the O(!1D) atoms and the nega-
tive activation energy, and 3) the electronic quenching process
populates high-lying ro-vibrational levels of CO, which have
not yet been probed. In light of recent work which has found
substantial indirect evidence of this process,30 it is hoped that
further investigation will provide a complete state-resoived
map of energy deposition in CO, during this important interac-
tion.
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SIGNIFICANT ACCOMPLISHMENTS

The Schottky barrier behavior of Ti/Pt/GaAs and Py/Ti/GaAs bimetal structures has
been investigated using several surface analysis techniques. Interfacial morphology of Ti
and Pt thin films on GaAs(100) substrate was characterized by coverage profiling of Auger
electron spectroscopy and transmission electron microscopy. The results showed no sign
of clustering for both metals at room temperature deposition. A simple model explains well
the bimetal Schottky behavior. Within this model, the functional dependence of the barrier
height on the inner metal thickness is interpreted in terms of the metal effective screening
and the interface trap states. Data analysis shows that the effective screening lengths of Pt
and Ti are significantly greater than the usual estimates and that the potential drop inside the
metal electrode of a Schottky contact is not negligible, in contrast to the common
assumption.

Photoelectric emission induced by a focused UV laser beam (A=257nm) has been
used to probe semiconductor surfaces. It was possible to distinguish between regions of
different doping levels on a silicon surface. The spatial resolution was found to be limited
only by the laser beam spot size.

The photoluminescence from ZnSe epilayers on GaAs, bulk crystalline ZnSe, and
ZnSe/ZnMn,Se . superlattices, when subjected to hydrostatic pressure in a diamond anvil
cell, has been studied. These measurements will aid in the development of optical and
electronic devices based on wide-band-gap II-VI semiconductors.

Raman microprobe spectroscopy has been used to profile locally doped regions in
GaAs with micrometer-level resolution. This is an important jn-sitv diagnostic technique
for compound semiconductors.

A simple method for producing hot electrons and studying their collisions with
molecules in the gas phase has been developed. A key and novel feature of the experiments
is the resolution, 0.0003cm-! or approximately 4 X 108 ¢V! This compares with standard
electron scattering expeniments which have a typical energy resolution of about 80 cm-! or
10 meV. The high resolution is obtained by observing the molecular collision partner
rather than the scattered electron as is normal in most electron scattering experiments. Such
studies are providing fundamental insight into the mechanisms and processes which are
important in plasma etching reactors. Considerable interest in this technique has been
exhibited by scientists working on plasma etching diagnostics in the electronics industry.

For optical signals transmitted through random media such as the atmosphere,
recursion relations, together with the generalized method of steepest descent, have been
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developed to numerically evaluate the photon-counting distributions and their factorial

moments to excellent accuracy.

Optical dephasing phenomena have been studied in organic dyes in solution and
semiconductor doped glasses. Dephasing times as short as 18 fsec were observed at room

temperature,
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TECHNOLOGY TRANSITIONS

A collaboration between Columbia and Professor C. B. Carter's group at Cornell
University has been established to characterize interfacial morphology of different metals
on GaAs. The TEM analysis of Ti/Pt/GaAs presented in this report was achieved through
this collaboration.

Laser etching of GaAs, supported for several years by JSEP, has been pursued as an
industrial process by Siemens. In addition, laser etching has also been used by United
Technology for trimming of integrated optical waveguides and the etching of
semiconductor sensors.

A joint project with Frederico Cappaso of AT&T has yielded several new concepts for
quantum well detectors to accomplish reduction in optical noise. A joint project with
Bellcore has yielded a method for evaluating noise in semiconductor laser amplifiers.
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